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Introduction 
Nuclear Magnetic Resonance (NMR) has developed into a very useful analyti-
cal technique over the past 50 years. Especially liquid state NMR has become 
a standard tool for organic synthesis and is of great importance in the field of 
biophysical chemistry, where NMR is an invaluable tool for structure determina-
tion. For solids, however, the development of NMR into an analytical tool has 
been much slower. This is mainly due to the much larger linewidths in the NMR 
spectra of solids. Fourier Transform NMR, or pulse NMR, made a large variety 
of experiments possible. The advent of averaging techniques such as Magic An-
gle Spinning and multiple pulse schemes for dipolar decoupling has opened the 
field of solid state NMR. These new techniques and the ideas on which they are 
based, changed the traditional description of NMR. It became possible to manip-
ulate the Hamiltonian that governs the spin system under study almost at will. 
Linewidths in high resolution solid state NMR are still broader than in liquids, 
but new types of experiments have been developed that can extract information 
from solids which cannot easily be gained in solution. Double resonance exper-
iments such as REDOR and TEDOR are able to probe the local geometry and 
have recently become a valuable tool in structure determination in the solid state. 
The scope of this thesis is double resonance solid state NMR and its applications. 
In chapter 1 the basic phenomena in NMR are briefly discussed, together with 
averaging techniques that are of importance in NMR. In chapter 2 the theory 
of recently developed double resonance experiments (REDOR, TEDOR and 2D-
TEDOR) is described and an attempt is made to provide the reader with an 
understanding of the principles underlying these experiments. In this chapter 
the reader will also be made familiar with the spin density matrix formalism 
and its applications to solid state NMR. Chapter 3 describes an extension of the 
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2D-TEDOR experiment in which the measurement of a heteronuclear correlation 
experiment is combined with the measurement of the distance between the hetero 
nuclei The application of the SEDOR experiment for the measurement of the 
average aluminium-phosphorus distance in aluminophosphate molecular sieves is 
discussed in chapter 4 An application of the 2D-TEDOR heteronuclear correla­
tion experiment can be found in chapter 5 The 2D-TEDOR experiment shows 
its value here by revealing the phosphorus-aluminium connectivities, enabling 
the assignment of the phosphorus resonances of the aluminophosphate molecular 
sieve VPI-5 In the subsequent chapter, REDOR and TRAPDOR experiments 
are applied to phosphorus impregnated 7-alumina The spectra of the aluminium 
atoms close to the impregnated phosphorus could be resolved for various samples 
Chapter 7 does not concern double resonance experiments but describes newly 
developed high temperature shift thermometers which provide a new means of 
temperature calibration in NMR up to at least 700 К 
Solid State Double Resonance NMR 
Chapter 1 
Solid State NMR. 
1.1 Introduction 
The scope of this chapter is to briefly discuss the basic interactions and averaging 
techniques that are important in solid state NMR and to introduce the density 
matrix formalism. For a more extensive and thorough discussion of basic phenom-
ena and averaging techniques the reader is referred to some excellent monographs 
on NMR. An excellent description of theory and a wide range of experiments is 
given by Ernst et al. [1]. Munowitz [2] discusses the principles of NMR from 
the perspective of quantum dynamics and provides the reader with a valuable 
insight into the basics of NMR. Other recommended sources of information are 
Slichter [3] and Abragam [4]. Goldman [5] is mainly concerned with theory and 
its consequences to solid state NMR while Fyfe [6] gives a more experimental 
approach for chemists. 
1.2 Spin Interactions 
Spin interactions are described by a Hamiltonian which, when applied to the 
spin system wave functions, gives the energies of the spin system. A general 
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description of such a Hamiltonian is given by the following equation: 
4 = С.ІГ.К (1.1) 
where I represents a nuclear spin vector and К either a nuclear spin vector or 
an external magnetic field. The tensor Ti contains the orientational dependence 
of the interaction between the two vectors. The constant C¿ varies for different 
interactions. In NMR the interaction between a nuclear spin and an external 
magnetic field can be the interaction with a static field or with an oscillating 
(RF) field. The interaction of a spin with its local environment is incorporated in 
the chemical shift interaction and, in the case where the spin quantum number 
I is greater than | , in the quadrupole interaction. Spin-spin interactions can be 
the dipole-dipole coupling and the scalar coupling, representing the interaction 
between spins through-space and through-bond, respectively. 
1.2.1 The Zeeman Interaction 
The Zeeman interaction is the interaction of a nuclear spin I with an external 
magnetic field B. The most general description is given by: 
Hz = -цГА-Ъ (1.2) 
In the case of a static magnetic field applied to the spins, as usual with the 
direction of the magnetic field chosen along the z-axis, the Hamiltonian in radial 
frequency units (i.e. dividing by K) reduces to: 
Ήζ = -7/ВоЛ (1-3) 
From now on all Hamiltonians will be given in radial frequency units. The term 
—j[Bo (= w¡) gives the Larmor frequency of the nucleus. When a spin is irra-
diated with a linearly polarized oscillating RF-field with a field strength of 2Bi, 
frequency wT¡ and phase a, the magnetic field that is applied to the nucleus 
becomes time dependent. 
B(t) = 2BX cos(wr/¿ + a) (1.4) 
With the RF-field applied along the x-axis, the Hamiltonian now becomes: 
UTj = -27/Bi c.os(urft + a)h (1.5) 
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If the RF-field is applied to a nucleus that is in a static magnetic field, the 
Hamiltonian contains both time dependent and time independent parts. 
H = ωιΙ
τ
 + 2ωι cos(w
r
/i + α)/
χ
 (1.6) 
where ш\ = —^¡B\. In order to render the Hamiltonian time independent, the 
frame in which the interactions are represented can be transformed into a rotating 
frame which rotates around the z-axis at the same frequency as the frequency ω
Γ
/ 
of the applied RF-field. This is done by transforming the Hamiltonian with the 
rotation operator Rz = exp(-i/
z
u>
r
/i). 
UR = RzURY-iRY^- (1.7) 
WR = (ш[ - ω
τ})Ιζ + 2ωχ cos(u)rjt + a) exp(-ilzwrft)lx exp(ilzuirft) (1.8) 
= u)¡Iz + ω\ [/x cos α + /y sin a] + 
ω-ι [J
x
 cos(2ov/i + a) — Iy sin(2o»
r
/t + a)] (1.9) 
The sine and the cosine parts with the double frequencies can be left out since, 
compared to u¡ (the frequency offset) and ωχ, they oscillate so fast that their 
time average is zero: 
KR = ШіІ
г
 + ωι [I
x
 cos a + Iy sin а] (1-Ю) 
In a more qualitative picture, the linearly polarized oscillating RF-field can be 
decomposed into two circularly polarized fields of opposite frequencies. In going 
to the rotating frame, the observer is rotating at the same frequency as the 
circularly polarized field that matches the Larmor precession frequency. The 
effect of this is that now one circularly polarized component of the RF-field is 
static, while the other component rotates at two times the Larmor frequency, 
relative to the observer. The rotating frame is a convenient way to describe spin 
interactions and is often used. 
1.2.2 The Chemical Shift Interaction 
The chemical shift is due to the interaction of a nuclear spin I with the induced 
local magnetic field generated by the electrons that surround the nucleus. The 
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applied external magnetic field causes a slight change in the orbital motions of 
the electrons surrounding the nucleus. This induces a small additional magnetic 
field at the nucleus, proportional to the applied field strength. The decrease of 
the field strength sensed by the nucleus, the chemical shielding, is very sensitive 
to the chemical environment of the nucleus and is described by: 
tics = ΊιϊσΒ0 (1.11) 
The chemical shift is an anisotropic interaction, reflected by the shielding tensor 
σ. The shielding tensor is dimensionless and is usually given as a fraction, ppm. 
The frame in which the tensor σ is diagonal is called the principal axis system 
or PAS. The principal elements of σ are σχχ, σγγ and σζζ- If we only take the 
secular part of this interaction (i.e. the part that commutes with /
z
), only the 
shielding in the same direction as the field is important, hence: 
Ucs = 7ισ
ζζ
Β0Ιζ (1.12) 
Here σ
ζζ
 is the 2z-component in the laboratory frame with ζ parallel to Bo. 
Since the PAS can have any orientation with respect to the applied field, σ
ζζ
 is a 
combination of the principal values of the chemical shift tensor: 
"zz —
 aiso + °~zz 
where: 
^(3cos 2 0-l) + ^s in 2 0cos20 , (1.13) 
σ,
ίο
 = -Λσχχ Λ-σ
γγ
 + σ
ζζ
), (1.14) 
is the isotropic value of the chemical shift tensor and: 
η = , (1.15) 
<*ζζ 
the asymmetry parameter. The polar angle θ and the azimuthal angle φ, orient 
the PAS of the chemical shift tensor with respect to the laboratory frame. In 
liquid state NMR the molecules undergo fast random motions and reorientations. 
This averages the angular dependent, part of the interaction and one is left with 
the isotropic value of the tensor. In general, in solid state NMR no random 
motions and reorientations occur that are fast enough to completely average the 
chemical shift anisotropy. In the case of powders, every orientation is possible and 
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the result will be a powder pattern where each orientation has its own resonance 
frequency. When measuring single crystals, sharp lines will result with their 
resonance position depending on the orientation of the crystal relative to the 
static magnetic field. 
1.2.3 The Dipole-Dipole Interaction 
The dipole-dipole interaction is the interaction between the magnetic moments 
of nuclear spins. One spin I experiences the magnetic field of the other spin S. 
The Hamiltonian takes the form of: 
Ht 27i7s?il D S, (1.16) 
where D is a tracelcss tensor with principal values of 1/r3, — l/2r3 and - l /2 r 3 . 
The magnitude of the interaction depends on the distance between the spins. 
The effect of the dipolar coupling on the NMR spectrum also depends on the 
orientation of the internuclcar vector with respect to the applied static magnetic 
field. 
Homonuclear Dipolar Coupling 
The secular part of the Hamiltonian in the case of a dipolar coupling between 
the like spins I and S is given by: 
nD = Tï^Wff-1) 2I.S, - ¿(I+S_ + LS+) (1.17) 
The angle θ is the angle between the magnetic field and the internuclear vector. 
The first spin term in this Hamiltonian represents the interaction of one spin 
with the z-component of the magnetic field of the other spin. The second term 
is known as the flipflop term since it can exchange the states of both spins and 
is responsible for spin diffusion. It is only effective when energy is conserved. 
Solid State Double Resonance NMR 
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Heteronuclear Dipolar Coupling 
In this case the secular part of the dipolar Hamiltonian only consists of the 
first term of the dipolar Hamiltonian for the homonuclear case, since the flipflop 
operator no longer commutes with the Zeeman Hamiltonian. The flipflop term is 
no longer energy conserving and the secular part of the Hamiltonian reduces to: 
HD = ^ ^ i ( 3 c o s 2 0 - l ) 2 / z S z (1.18) 
The disappearance of the flipflop term also becomes clear from the viewpoint 
of the rotating frame. In the case of two like spins, one spin, viewed from the 
rotating frame of the other spin, is stationary or at least rotating slowly compared 
to the dipolar interaction. In the case of two different spin species, whichever 
rotating frame is chosen, their relative frequencies differ by their difference in 
Larmor frequencies which, by the definition of unlike spins, is much larger than 
the dipolar interaction. Thus all the transverse terms of the dipolar coupling, 
which are needed in order to change the state of the spins are averaged out. 
1.2.4 The Scalar Coupling 
The scalar coupling, or J-coupling, is an indirect coupling between nuclear spins, 
mediated by the electrons that form a chemical bond between the nuclei. While 
the dipolar coupling is through-space, the scalar coupling is through-bond. Like 
the dipolar coupling, the Hamiltonian for the J-coupling is bilinear in the spin 
operators, the Hamiltonian is given by: 
Hj = I,ƒ S (1.19) 
where J is the coupling tensor. In contrast to the dipolar coupling, the isotropic 
value of the scalar coupling is not zero. The anisotropic part of the J-coupling 
behaves in the same manner as the dipolar coupling and it is therefore hard to 
measure the anisotropy of the J-coupling separately. For the samples studied in 
this thesis, the J-coupling is much smaller than the dipolar coupling and the effect 
of the J-coupling in solid state NMR is therefore usually overshadowed by the 
dipolar couplings. In solution NMR however, the isotropic value of the J-coupling 
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is often directly obtained from the spectra The multiplet structure, arising from 
couplings between two or more spins, and the value of these couplings can be 
very helpful in structure elucidation 
1.2.5 The Quadrupole Interaction 
The quadrupole interaction is the interaction between the electrical quadrupole 
moment of a nucleus with the electric field gradient at the site of the nucleus 
due to the surrounding electric charges Because the electric quadrupole moment 
is ( oupled to the spin magnetic dipole moment of the nucleus, the quadrupole 
interaction can have an effect on the NMR spectrum The spin moment tries 
to align the nuclear spin along the external magnetic field while the quadrupole 
moment tries to orient the nucleus according to the electrical field gradient at the 
nucleus Only when the charge distribution around the nucleus is non-sphencally 
symmetric, will the nucleus have a tendency to orient itself into the energetically 
most favourable position in the electric field gradient Only nuclei with a spin 
quantum number higher than ì possess a quadrupole moment The Hamiltonian 
for the quadrupole interaction in its own PAS is given by 
Щ =
 AI^f_x)Wl-I2 + v{I2x-I2y)\, (120) 
where eq is the Z-component Vzz of the electric field gradient in the PAS The 
quadrupole moment of the nucleus is represented by eQ The asymmetry param­
eter η is the deviation from cylindrical symmetry of the electric field gradient, 
given by η = (V
xx
 - VyY)/Vzz 
Although the quadrupole coupling can be of the order of several MHz, in most 
cases the Zeeman frequency is high enough to consider the quadrupole interaction 
as a perturbation In order to calculate the NMR transition frequencies one has 
to consider both the first-order and second-order terms of perturbation theory 
For half-integer quadrupole spins it appears that upon first-order perturbation 
all transitions, except the < \,—\ > transition, are onentationally dependent 
Since the first-order perturbation energies are usually fairly large, all transitions 
in polycrystalhne samples, except the < \,—\ >, are often broadened beyond 
Solid State Double Resonance NMR 
10 CHAPTER 1 SOLID STATE NMR 
detection The < \,—\ > transition is only broadened in second-order and is 
therefore much narrowei than (he other transitions Another consequence of the 
quadrupole interaction is that the transitions are shifted from the isotropic value 
by the quadrupole interaction, the so-called quadrupole induced shift (Q1S) The 
QIS is inversely proportional to the square of the held strength Furthermore, 
depending on the RF-ficld strength relative to the quadrupole interaction the 
quadrupole spin can have different nutation frequencies There are three different 
regimes when ω
τ
/ 3> UQ the nutation frequency is given by ω
ηυΧ
 — ш
т
/, or when 
ujTj <C (¿Q the nutation frequency is uinut = (I + 7¡)uTf and when ujrf « UJQ, 
the nutation frequency is in between these limits This is important since a 
| pulse length measuied with a solution NMR experiment for a quadrupolar 
nucleus {e2Qq = 0) does not necessarily give the pulse duration of a | pulse for a 
solids experiment It is also important to know the nutation frequency in cross-
polanzation experiments that involve quadrupolar nuclei since the Hartmann-
Hahn match that is needed for cross-polanzation [7, 8] depends on the nutation 
frequency 
1.3 Averaging Techniques 
As discussed above, several spin interactions in solids cause NMR line broadening 
All anisotropic interactions result in line broadening when the sample is a powder 
Even m single crystals the dipolar interaction can result in broadening of the 
íesonances, due to the presence of the flipflop term, since a nucleus is likely to 
be coupled to more than one spin at different distances and orientations relative 
to the nucleus Whereas in liquid state NMR the anisotropics of the interactions 
are averaged out due to the rapid molecular reorientations, in solid state NMR 
the spin system has to be manipulated in order to obtain higher resolution The 
spin system can be manipulated by modulating the angle dependent parts m the 
Hamiltonians or by operating on the spin-dependent part of the Hamiltoman 
Examples of the first case are Magic Angle Spinning [9, 10] (MAS), in which 
the sample is rapidly spinning around one axis, and Double Rotation [11, 12] 
(DOR), where the sample spins around two axes The latter technique, DOR, has 
been specifically developed for averaging the anisotropic broadening in spectra of 
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quadiupolar nuclei The former technique, MAS, is capable of averaging dipolar 
couplings as well as chemical shift anisotropics Techniques such as high-power 
decoupling and homonuclear decoupling schemes, modulate the spin-dependent 
part of the spin system with RF-pulses in order to achieve the desired spectral 
resolution 
1.3.1 Magic Angle Spinning 
Magic Angle Spinning (MAS) is a technique that can completely or partly average 
the angular part of the anisotropic Hamiltonianb In MAS, the sample is spun 
around an axis at an angle
 т
 of 54 74 degrees (соь#
т
 = |\/3) with respect to the 
external magnetic field In order to calculate the effect of magic angle spinning on 
the chemical shift interaction and the dipolar coupling, their respective tensors 
representing the interactions can be transformed from the principal axis system 
to an axis system that is fixed with respect to the rotor-axis system (RAS) With 
respect to the axis system that is fixed to the rotor, the field and the spins are 
nutating around the spinner axis at the rotor frequency at the magic angle The 
calculation of the ZZ-component in the laboratory frame is straightforward but 
rather lengthy and is skipped The result is 
Tzz = T I S 0 + Aztos 2(7 + ω Γ ί ) + . Β 2 sin 2(7 + ω Γ ί ) + 
j4iCos(7 + wrí) + B i s r n ( 7 + uví), (121) 
with 
TlSo -- ^{Τχχ + Τγγ + Τχχ), (122) 
and Αχ, Βχ, Á2, BÌ are defined as. 
Αχ = - sin 2/3[cos2 Û(TXX - Tzz) + sin2 а ( Т
у у
 - Т
и
) ] (1 23) 
О 
А2 = -(cos2ßco<?a-sm2a){Txx-Tzz) 
+ì (cos 2 /3sin2 a - cos2 a)(Tyy - Т
гг
) (1 24) 
О 
Βχ = --\/2sm2asmß{Txx-Tyy) (125) 
О 
В2 = --V2sm2acosß{Txx-Tyy) (126) 
О 
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2 4 6 
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Figure 1 1 Calculated free induction decay of a spin I of a hetewnuclear IS ipin pair jn a 
powder with a dipolar coupling constant of 10 kHz spinning at the magic angle with a frequency 
of 1 kHz and no resonance offset Lmebroadenmg of 100 H? has been applied to simulate T¿ 
relaxation The signal is displayed for a totaJ of eight rotor periods 
The angle α, β, and 7 are the Euler angles of the transformation Magic Angle 
Spinning is capable of averaging some of the anisotropic interactions to their 
isotropic values The average is a time average over one rotation of the spinner, 
the magnitude of the interaction is not equal to the isotropic value at every 
instant The anisotropic parts of the interactions are still present and result in 
the dephasing of the spins just after a | pulse has been applied However, at 
the end of a rotor period all spins will be back at their original position The 
refocusing proces of the spins is often referred to as a rotational echo [13] An 
example of a rotational echo is displayed in figure 1 1 and shows the calculated 
free induction decay for a powder of a heteronuclear spin pair with a dipolar 
coupling constant of 10 kHz and a spinning speed of 1 kHz 
The effect of magic angle spinning on the dipolar coupling. 
The angle dependent term in the dipolar Haimltoman for both the heteronu­
clear dipolar coupling and the homonuclear dipolar coupling contains the term 
3cos20 — 1 With magic angle spinning coso becomes time dependent For 
cos#
m
 = |%/3 the angle dependent part in the Hamiltonian vanishes to zero 
One can easily see that if one spins the sample around this angle that the average 
of the angle θ is equal to the angle
 т
 the spinner axis makes with the external 
field 
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Figuro 1 2 A schematic drawing of the effect of magic angle spinning on the orientation of 
the internuclear vector f The angles α and β aie indicated The picture shows that the average 
orientation of the internuclear vector is the same as the spinner axii 
Figure 1 2 shows how the orientation of the internuclear vector changes when 
magic angle spinning is applied In order to calculate the time dependency one 
inserts the tensor values for the dipolar coupling into formula 1 21 One arrives 
at the following equation for the time dependency of the dipolar coupling 
cjD(a,0,i) = -D [sm2/?cos2(a +ωΓί) - \/2 sin 2/3 cos (α + ωΓί)] , (1 27) 
where D = 7/7sV r 1 Following conventional notation for the dipolar coupling, 
the angle 7 in formula 1 21 is replaced by a From formula 1 22 one can sec that 
the isotropic value of the dipolar coupling is zero and that the dipolar coupling 
averages to zero over one rotor period This does not mean, however, that the 
dipolar coupling vanishes upon magic angle spinning Only spin pairs with dipolar 
vectors with an orientation parallel to the spinner axis at the magic angle will 
have a dipolar coupling that is zero at all times For other orientations the 
dipolar coupling changes continuously but is still effective Only the average 
dipolar coupling over one rotor period is zero Figure 1 3 shows the value of the 
dipolar coupling for a heteronuclear spin pair as a function of the rotor position 
for a single orientation The curve is calculated according to formula 1 27 As 
can be seen from this figure the value of the dipolar coupling is periodic with the 
rotor period Since only the time average of the dipolar coupling over one rotor 
period is zero the dipolar coupling can still be employed in various experiments 
such as REDOR and TEDOR in order to measure distances or to investigate 
connectivities between nuclei These techniques will be discussed in chapter 2 
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Rotor period 
F i g u r e 1 3 The dipolar coupling as a function of the orientation of the spinner for a het-
eronuclear spin pair For this particular example the angle? that define the orientation of the 
dipolar vector are а = 50° and β = 80° The dipolar coupling constant D is equal to 10 кгІ7 
The rotor position is given as a fraction of the rotor period 
The effect of magic angle spinning on the chemical shift anisotropy 
The time dependency of the chemical shift interaction ran be obtained from 
formula 1 21 by simply substituting the tensor values T
x x
, T y y , and T z z for the 
diagonal terms of the chemical shift tensor σ The effect of MAS is that due to the 
range in chemical shift values the spins will dephase from their original position 
in the rotating frame Magic angle spinning does not prevent the dephasing 
but causes the spins to refocus at the end of the rotor period, giving rise to 
rotational echo's Fourier transformation of this signal will give rise to a spinning 
side band pattern, where, at spacings of integer values times the rotor frequency 
spinning side bands appear next to the isotropic resonance The intensities of the 
spinning side bands are governed by the rotor frequency and the tensor values 
of the chemical shift Herzfeld and Berger [14] were able to calculate the tensor 
values from the spinning side band intensities 
Since magic angle spinning modulates the spin system with the spinning fre­
quency, one can say that spinning of the sample supplies energy to the spin 
system equal to the spinner frequency Similar to photons, the energy supplied 
to the spin system are sometimes called rotons An important aspect of this is 
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that the rotons can be used to enhance transitions between resonances that are 
an integral number of the spinning frequency apart. Rotational resonance [15, 16] 
uses this principle. 
1.3.2 Dipolar Decoupling 
Dipolar decoupling manipulates the spin system by applying RF-pulses to the 
spins. In cases where the dipolar coupling is too strong to be overcome by magic 
angle spinning, dipolar decoupling becomes necessary. In the case of heteronu-
clear dipolar coupling it is sufficient to irradiate the spins the observed nucleus is 
coupled to with a strong RF-field. The application of the RF-field makes the time 
average of the z-component of the local field of the spins zero by continuously 
changing the state of the spin. The spin-lock that is maintained after a cross-
polarization pulse sequence has the same effect. The strength of the RF-field must 
be stronger then the dipolar coupling. In the case of strong homonuclear dipolar 
couplings more complex pulse sequences such as WAHUHA [17], MREV-8[18] 
and BR-24 [19] have to be applied. 
1.4 Spin Density Matrix Formalism 
The spin density matrix formalism provides an excellent way of describing the 
evolution of a spin system under the influence of various interactions. In general, 
a wave function of a system can be written as a linear superposition of a complete 
set of eigenstates of that system: 
φ = ¿с, |г> (1.28) 
г = 1 
The expectation value of an operator A is calculated as: 
<A> = <φ\Α\ψ>=ΣΣ°'τ*εη<ιη\Α\η> (1.29) 
771 τι 
Since in a macroscopic sample the general state of a system differs for individual 
systems, the expectation value will be different for different systems. To account 
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for this, an average of the ensemble of systems has to be considered. 
<A> = Y^Yic*mcn<m\A\n> (1.30) 
m η 
Now the density operator ρ is defined as: 
Pnm - < n\p\m > = c
n
c*
m
 (1.31) 
The elements p
nn
 are proportional to the probability that a system is found in 
the state \n >. The off-diagonal elements of p
nm
, (η φ τη), are a measure of the 
coherence between the levels of the system. For a system at thermal equilibrium 
no coherent superposition exists and therefore the off-diagonal elements are equal 
to zero, this is often referred to as the random phase approximation. At ther­
mal equilibrium, the population of the states is determined by the Boltzmann 
distribution. The density matrix ρ incorporates all the states present. For NMR 
a reduced density matrix σ can be used which only takes the spin states into 
account. The density matrix in operator form and with the high temperature 
approximation (AENMR <C кТц χ ) is: 
where 1 is the unit operator. The equation of motion of the spin density operator 
is given by the Liouville-von Neumann equation: 
% = ί{σΉ.-Ή.σ) = ί[σ,Η] (1.33) 
at 
The formal solution of this equation for a time-independent Hamiltonian is given 
by: 
a{t) = exp{-mt)a(0) ехр(Ш) (1.34) 
Using this equation, the influence of pulses and Hamiltonians on the density 
matrix can be calculated. The exponential operators [3] that have to be used in 
calculating σ(ί) act as rotation operators in the operator subspace spanned by 
the exponential operator, the operator present in the density matrix and their 
commutator. For instance: 
exp(—il
x
<f>)lzcxp(ilx(j)) = Iz cos φ — Iy sin φ (1.35) 
which is a rotation in the operator subspace spanned by (/
x
,/y,/z) which are 
orthogonal. The density matrix formalism will be used throughout chapter 2 and 
chapter 3 for the description of double resonance experiments. 
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Chapter 2 
Solid State N M R Double Resonance. 
2.1 Introduction 
Double resonance techniques, such as Spin-Echo Double-Rosonance (SEDOR) 
[1,2], Rotational-Echo Double-Resonance (REDOR) [3, 4] and Transferred-Echo 
Double Resonance (TEDOR) [5, 6] have recently gained considerable interest. 
These techniques enable the spectroscopist to measure dipolar couplings between 
heteronuclei. Since the dipolar coupling is inversely proportional to the cube of 
the distance between the nuclei these double resonance techniques can be used 
to gain insight into molecular structure. Even if the system under study is too 
complex to obtain distances, the double resonance techniques still enable the ex-
perimentalist to distinguish between different structural models. Where in the 
SEDOR and REDOR experiment the effect of the dipolar coupling is observed 
through a decrease in signal intensity, in the TEDOR experiment magnetization 
is transferred between spins through the dipolar coupling. This means that the 
TEDOR experiment can be used not only to determine dipolar couplings but 
also to measure two-dimensional (2D) heteronuclear correlation spectra. Before 
discussing the double resonance experiments, we will take a closer look at the 
phenomenon of spin echoes, which forms the basis for these double resonance 
techniques. The theoretical description of the spin echo will be used as an illus-
tration for density matrix calculations, which will also be used for other experi-
ments, as described in this chapter. The SEDOR experiment is the first double 
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resonance experiment that is discussed Since SEDOR is a static experiment it 
will serve as a convenient example of the principles underlying this type of double 
resonance experiments In discussing the REDOR experiment, the combination 
of magic angle spinning with double resonance is introduced Upon magic an-
gle spinning some spin interactions become time dependent and will therefore 
complicate the calculations In the next section the principle of magnetization 
transfer in the TEDOR experiment is explained The results of the calculations 
m the previous section will be very useful for the density matrix calculation of 
the TEDOR experiment Finally, the 2D-TEDOR experiment is discussed and 
some illustrative examples will be given 
2.2 Spin Echoes 
This section deals with the spin echo phenomenon in static (=non-spinning) 
samples and the influence of the heteronuclear dipolar coupling on it First a 
vector model of the spin echo will be given, then a quantummechamcal description 
of the experiment will be presented The use of superopcrators and à more 
convenient way of calculating density matrices will be introduced in this section 
The pulse sequence is displayed in figure 2 1 A | pulse is applied on spin I, then 
after a time г а тг pulse is applied The signal is collected at t = 2т 
AQ 
t —ι 1 1 
0 τ 2T 
Figure 2 1 The basic spin echo pulse sequence Narrow blocks represent ξ pulses, wide 
blocks π pulses Α π pulse is applied at t = τ, the signal is collected at t = 2r 
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2.2.1 A Vectorial Picture 
In order to obtain a comprehensible picture of the spin echo, we take I and S to be 
an isolated spin | pair without resonance offsets and chemical shift anisotropics. 
Figure 2.2 shows a vector diagram in the rotating frame of what happens during 
a normal echo sequence applied to spin I. First the I spins are brought from 
equilibrium into the xy-plane with a | pulse along the y-axis (t = 0+). Then» 
due to the dipolar coupling of spin I with spin S, the I spins start to precess in 
the xy-plane. The precession frequency is proportional to the dipolar coupling. 
/-№ 
-Ά 
Figure 2.2: A vector representation of the influence oí the dipolar coupling to the I spin echo. 
Only the case of a positive dipolar coupling is displayed, for a negative dipolar coupling the 
vector representation has to be mirrored in the x-axis. шц and — |шд are the maximum and 
minimum precession frequency of the spins, respectively. The arrows indicate the direction in 
which the spins precess. 
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Just before the application of the refocusing π pulse (ί = τ J) the I spins have 
dephased an amount determined b> the strength of the dipolar coupling to the S 
spins Since the dipolar coupling depends on the orientation of the spins îelative 
to the magnetic field, according to 
u>D = ± y ( 3 c o s 2 0 - l ) , (2 1) 
(see also chapter 1), the dipolar coupling can have many values in a powder To 
account for this, the maximum and minimum values, respectively D and -D/2 
for the I and S spins in the same state, of the dipolar coupling are the edges 
of the circle segment in figure 2 2 For I and S spins in a different state the 
maximum and minimum values are -D and D/2 In between the maximum and 
minimum dephasing all I spins are located (shaded area) Α π pulse applied at 
t — τ along the x-axis flips the I spins from the upper quadrants to the lower 
quadrants of the circle and vice versa This situation is depicted in figure 2 2 at 
t = т+ The dipolar precession frequencies have remained the same If we now 
wait until t = 2r, all spins are back at their original position, along the x-axis 
The process of dephasing and the refocusing of the spins by the π pulse led to 
the name (spin) echo for this pulse scheme 
2.2.2 The Quantummechanical Viewpoint 
To describe the spin echo quantummechanically we start with the Hamiltonian 
Wo dnd we neglect relaxation 
H0 = ùj,I7, + LjD2IzSz (2 2) 
The effect of the resonance offset and the chemical shift is incorporated in aj¡ We 
start out with the equilibrium density matrix σ(0), which is proportional to I7 
The calculation of the density matrix after the | pulse, σ(0+), is straightforward 
σ(0 + ) = c x p ( - i ï / y ) f f ( 0 ) c x p ( - î | / y ) (2 3) 
= ехр(-г-7
у
)/ 7 ехр(г-/ у ) 
= / χ 
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Now the density matrix evolves under Ho for a time τ and we find at time t = r_, 
just before the π pulse: 
σ(τ_) = ехр(-гЯ0т)а{0+) ехр(гН0т) (2.4) 
which can be rewritten as; 
σ(τ_) = exp(—га)£)т2/
г
5
г
)ехр(—ιωιτΙ
ζ
)σ(0+) χ 
εχρ(ιω/τ/
ζ
) ехр(га»£>т2/
г
5
г
) (2.5) 
Rewriting ехр(—IHQT) into two exponential operators is allowed since [Iz, 2IZSZ] = 
0. The effect of the exponential operators on the density matrix has been given 
by Ernst et al. [7]. From now on, for brevity, we continue in the superopera-
tor notation. The unitary transformation RAR"1 where R = exp(—iG) may be 
expressed by the unitary superoperator R: 
RA = exp(-iG)A = exp{-iG)Aexp{iG) (2.6) 
So formula 2.5 can be written as: 
σ(τ_) = exp(-ib}Dr2IzSz)exp{-i<jJiTÎz)a{Q+) (2.7) 
= exp(—гш£)т2725г) [Ix cos ω/τ + Iy sin ω/τ] 
= I
x
 cos ω/Τ cos (¿DT + Iy sin ω/Τ cos ицт 
+2IySz cos ω/τ sin ω σ τ — 2/X5Z sin ω/τ sin ω^τ (2.8) 
At a time τ a π pulse along the x-axis is applied to spin I: 
σ(τ+) = βχρ(-«τ/χ)σ(τ_) (2.9) 
= /
x
 COS bJjT COS ω β Τ — / y Sin LújT COS W£)T 
—2IySz cos ω/τ sin ω^τ — 2/x.S2sinu;/Tsinu>ßT (2.10) 
Then, the density matrix σ(τ + ) evolves under the influence of Ho until t = 2τ: 
σ(2τ) = ехр(-гН0т)а(т+) (2.11) 
= ехр(-гш0т2ІА) εχρ(- ιω/τ/ ζ )σ(τ + ) 
= exp(-iW])T2IzSz) χ 
[1-х eos ω/τ cos ω^τ cos ω/Τ + Iy cos ω/τ cos ω^τ sin ω/τ 
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—Iy sin u>¡r cos UßT cos u)-¡r + Ix sin ω/τ cos иірт sin ω/τ 
— 2/yS
z
cosoi/Tsinu;DT COSUJ¡T + 2IXSZ cos Ü;/T sin ω^τ sin ω/τ 
—2IXSZ sin ω/τ sin ω ρ τ cos ω/τ — 2/ yS 2 sin U¡T sin шдт sin ω/τ] 
— exp(—iojDT2IzSz) [Ix c o s o ^ r — 2IySz sinu>Dr] (2-12) 
= I
x
 cos α)£)Τ cos W£>r + 2IySz cos ω 0 τ sin ωοτ 
—2IySz sin у д ! cos αΐ£>τ + / x sin ω ^ τ sin шдт 
= /χ (2.13) 
Here we have shown that, because of the π pulse, not only the dephasing of spin 
I due to the dipolar coupling refocuses but also that the dephasing caused by the 
chemical shift interaction and the resonance offset is refocused. The dephasing 
depicted in figure 2.2 can be found in the emergence of the so-called two-spin 
single-quantum operators 2IySz and 2IXSZ. 
Simplification of density matrix calculations. As we have seen it is pos­
sible to calculate the density matrix that results after the application of an echo 
pulse sequence to a simple spin system. Many calculations were required to ar­
rive at the final result. Calculations will become even more complex when a more 
sophisticated pulse sequence is used. In order to avoid the extra calculations, we 
simplify the calculations by shifting all the pulses to the beginning of the pulse 
sequence. This is allowed if the Hamiltonians are transformed according to Ernst 
et al. [7]. Figure 2.3a displays an arbitrary pulse sequence. The transformation 
Rj represents a RF-pulse, and 7ί3 the Hamiltonian that governs the system dur­
ing a time At} = (t3 — t ,_i). The resulting density matrix at the end of the pulse 
sequence can be calculated according to: 
σ(ί„) = HnAtnRn
 l---à2At2É1àlAtla{0), (2-14) 
where: 
/Ϊ„Δί
η
σ(ί„_ι) = exp(-iH„At
n
)a(t
n
.,) 
= βχρ(-ζΉ„Δί
η
)σ( ί
η
_ι) exp(iH„At
n
) 
An alternative way to do this is to shift all pulses to the beginning of the pulse 
sequence, see figure 2.3b. The calculation now becomes: 
σ(ί„) = ÂnAtn---â2At2nlAt1Rn-1---R1a(0) (2.15) 
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Figure 2.3: By transforming the Hamiltonians the effect of an arbitrary pulse sequence (a) 
on the density matrix can be rewritten so that all pulses are shifted to the beginning of the 
evolution period (b). 
or, in shorthand notation: 
σ(*») = Π^ί Δ ί /Π 4 σ (° ) 
3 = 1 J = l 
The transformed Hamiltonian H^ is defined as: 
(2.16) 
H, 
k=j 
J J Rk I Я j = Än-i · · • Rj+i R] • Hj · Rj RJ+1 · • • Rn_i (2.17) 
To illustrate the usefulness of transformed Hamiltonians we will take the spin 
echo as an example. Therefore we have to define the rotation operators and the 
Hamiltonians: 
Ή.2 = i^ih + u)D2ItSi 
Ήζ
 =
 Ή.2 
Ri = е х р ( - г - /
у
) 
Дг = exp(—ιπΙ
χ
) 
(2.18) 
(2.19) 
(2.20) 
(2.21) 
Hi is not used since the pulse sequence starts with a | pulse. Now we can 
calculate the transformed Hamiltonians Ή.'}: 
Ή-2 = R2H.2 
= — ωτΙ
ζ
 - ω 0 2 / ζ 5 ζ 
К = п3 
(2.22) 
(2.23) 
(2.24) 
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Using formula 2 16 we can now calculate the density matrix at the end of the 
spin echo 
σ(2τ) = exp(-iñ3r)exp{-iÍÍ2T)R2Rla{Q) (2 25) 
Now we arrive at an interesting property of shifting the pulses The Hamiltonians 
ThL2 and 7i3 are now next to each other and since the commutator of 7ί'2 and Ή'3 is 
equal to zero, the transformed Hamiltonians can be written into one exponential, 
which can be called the average echo Hamiltoman H
e 
ехр(-гН
е
2т) = ехр(-гН'3т) ехр{-гП'2т) (2 26) 
= ехр{-іП\т-гН'2т) (2 27) 
= ехр(-гшітІ2 - ÎUJDT2IZSZ + гшітІг + ιωυτ2Ιζ5ζ) (2 28) 
= ехр(О) = 1 (2 29) 
It is now straightforward to calculate σ(2τ) 
σ(2τ) = Ε2Εχσ(0) (2 30) 
= ехр(- ітг/
х
)ехр(-г-/
у
)7 2 (2 31) 
= h (2 32) 
Transforming Hamiltonians m this way is especially convenient when the Hamil­
toman that governs the spin system commutes with itself The application of π 
pulses is easily incorporated since they reverse the sign of most spin operators, 
assuring that the Hamiltoman still commutes with itself From the above calcu­
lations it seems that the echo signal is the same as the signal just after the \ 
pulse This is true for these calculations since spin-spin relaxation was neglected 
In reality the signal intensity will decrease as the echo time 2r becomes longer 
The decay is governed by the spin-spin relaxation time T 2 
2.3 Spin-Echo Double-Resonance 
Spin-Echo Double-Resonance (SEDOR) [1, 8, 2, 9] is an experiment with which 
one can measure the dipolar coupling between different nuclei SEDOR is a non-
spinning (static) experiment The experiment consists of an echo pulse sequence 
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S I I 
t ~ i 1 1 1 
0 §τ τ 2r 
Figure 2.4: The SEDOR pulse sequence Narrow btocfcs represent J puises, wide blocks π 
puises. In this case ij is equal to | r 
applied to the observed nucleus (spin I) and, on the coupled nucleus (spin S), 
one applies either no pulses (the reference experiment, a normal spin echo) or 
one applies a π pulse at a time t\. The SEDOR pulse sequence is displayed in 
figure 2.4. In the SEDOR experiment, a loss of I spin echo intensity, relative 
to the normal echo intensity, is observed when the I spin has a dipolar coupling 
with the S spin. The relative difference in echo intensity is called the SEDOR 
fraction. The SEDOR fraction depends on the strength of the heteronuclear 
dipolar coupling and on the time ij of the application of the S spin π pulse. 
A vector representation in the rotating frame of the SEDOR experiment is given 
in figure 2.5, where spin I is followed through time. In figure 2.5 the π pulse on 
spin S is applied at t\ — | r . At the beginning of the experiment, the spins start 
to dephase due to the dipolar coupling to spin S, similar to the echo experiment. 
Just before the application of the π pulse (i = | τ _ ) the spins have dephased a 
certain amount, which differs for different orientations of the spin pair relative to 
the magnetic field. By applying the π pulse on spin S, the S spins are flipped from 
up to down or down to up. Hence, the dipolar coupling to spin I changes in sign, 
leading to a reversal in the sense of rotation of the I spins. At t = τ the spins 
are at another position than they would have been in the normal echo experiment 
(compare with figure 2.2. The refocusing π pulse on spin I interchanges the spins 
from the upper quadrants with the spins from the lower quadrants. The sense 
of precession has remained the same as before the refocusing π pulse. While 
a spin echo would have refocused the spins completely at t = 2r, in SEDOR, 
the spins are spread out in the xy-plane at t = 2τ. The spreading out of the 
spins leads to signal loss. The more the spins are spread out, the less signal is 
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Figure 2.5: A vector representation of the SEDOR experiment. Spin I is followed through 
time. The dephasing π pulse on spin S is applied at ¿i = | т. Only the case of a positive 
dipolar coupling is displayed, for a negative dipolar coupling the vector representation has to 
be mirrored in the x-axis. ω о and —\<¿r> are the maximum and minimum precession frequency 
of the spins, respectively. The arrows indicate the direction in which the spins precess. 
detected. The total amount of dephasing depends on the strength of the dipolar 
coupling (the stronger the dipolar coupling, the more dephasing) and the time t\ 
(the longer t\, the greater the intensity loss at t = 2т). By measuring the signal 
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intensity as a function of ti, one can deduce the I-S dipolar coupling. After this 
description of the SEDOR experiment in general terms, we will perform density 
matrix calculations to calculate the exact SEDOR signal. 
2.3.1 SEDOR Density Matrix Calculations 
In calculating the density matrix for the SEDOR experiment we will make use of 
the mathematics introduced for the spin echo. ~ψβ will start the density matrix 
at thermal equilibrium: 
σ(0) = Iz + S, (2.33) 
The Hamiltonian that is used in these calculations assumes that the I and S spin 
I pairs are isolated and that there is no scalar coupling between the spins. 
Tío = ^ + Hs + ^s (2.34) 
= wih + wsSz + wD2IzSz (2.35) 
Now we define the Hamiltonians Hn and the rotation operators Д
п
: 
тіі = гіз = 7l4 = 7io 
Rx = exp{-i-îy) 
Ri = exp(—ιπ§
χ
) 
Ri = ехр(-гтг/
х
) 
Again, Ήι is not used since the pulse sequence starts with a pulse, R\. The 
Hamiltonians and the rotation operators as defined for the SEDOR experiment 
are indicated in figure 2.6. Now the transformed Hamiltonians Ή'
η
 can be calcu­
lated: 
ГІ2 — Α3Λ2ΓΙ2 
= -u)¡I7, - uisS, + uiD2IzSz (2.36) 
Ή3 = RÍ'HÍ 
= ~ші1
г
 + u>sS2 - u)D2IxS2 (2.37) 
H\ = Hi (2.38) 
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Figure 2 6 The SEDOR pulse sequence with the НатіНотапь and rotation operators mdt 
cated as they are used m the calculations 
All transformed Hamiltonians commute with each other, as in the echo calcula­
tions The average SEDOR Hamiltoman H
se
 becomes 
exp(—iH
s e
2r) = exp [—iH\{2r — τ)} exp [—ι7ί'3(τ — t\)] exp [—iH'2t\\ 
= exp [-гН\т - ιΉ.'3(τ - ti) - гН'2^) 
= exp [-ι(ωιτΙ
ζ
 + WSTSZ + LJDT2I7SZ 
-ωι(τ - t
x
)Iz + ω 5 ( τ - ti)Sz - ωΏ(τ - ti)2I7Sz 
-UJUIZ - ustiSz + uiDti2IzSz)] 
= exp[-i^s2(T-tl)SÎ + 2^Dtl2ItSI)} (2 39) 
The density matux at t = 2r can now be calculated 
σ(2τ) = exp{-iU
ae
2T)R3R2Ria(0+) 
= ехр{-гІІ
ве
2т)[І
х
 - Sz] 
= /
x
 cos 2wDtl + 2IySz sin 2ωβί! - Sz (2 40) 
The resulting signal is given by the term of the operator /
x
, where ω
π
 is given in 
equation 2 1 When the SEDOR experiment is performed on a powder sample, 
the signal has to be calculated for every possible orientation 
1 t 
S(Dti) = 2 / c o s ( D i i ( 3 c o s 2 0 - l ) ) s i n θάθ (2 41) 
Usually the results m a SEDOR experiment are represented as a difference be­
tween the SEDOR experiment and the spin echo This difference is called the 
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Figure 2.7: Calculated SEDOR curves for different dipolar couplings. The SEDOR fraction 
is calculated according to formulas 2.41 and 2.42. 
SEDOR fraction SfiDU) [9, 3]. 
Sf(DU) = 1 S{Dh) 5(0) (2.42) 
Figure 2.7 displays several SEDOR curves for different values of the dipolar cou-
pling. For longer times the SEDOR fraction oscillates around 1. The oscillation 
becomes faster if the dipolar coupling becomes stronger. It can also be seen from 
figure 2.7 that the SEDOR curve reaches its maximum value at shorter times 
with stronger dipolar couplings. By comparing measured SEDOR curves with 
calculated SEDOR curves, one can determine the heteronuclear dipolar coupling 
constant D between I and S. Unfortunately, the spectral resolution is low since 
SEDOR is performed as a static experiment. Besides the low resolution, the 
spin-spin T-i relaxation time can be short. Short relaxation times will hinder the 
measurement of small dipolar couplings, since the dephasing of the spins will be 
slow compared to the relaxation rate: before a SEDOR effect is detected, the 
signal will already have vanished. A combination of SEDOR with Magic Angle 
Spinning would therefore be a solution to these problems. 
2.4 Rotational-Echo Double-Resonance 
The Rotational-Echo Double-Resonance (REDOR) experiment [3, 4, 10] is in 
principle a SEDOR experiment in combination with Magic Angle Spinning (MAS). 
The spinning of the sample greatly enhances resolution and allows the echo to 
be measured efficiently for much longer times. Upon magic angle spinning the 
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Figure 2.8: The REDOR pulse sequence, wide blocks indicate π-pulses, the small block the 
%-pulse. The initial magnetization comes from spin I and is also observed. The number of 
rotor periods can be chosen at will as long as they are even-numbered. 
dipolar coupling and the chemical shift interaction become time dependent. This 
leads to a complicated behavior of the spins compared to the non-spinning case. 
The time dependencies of the dipolar coupling and the chemical shift interaction 
have been discussed in the previous chapter. After a | pulse spins will start to 
precess in the xy-plane, each with their own, time dependent frequency. In a 
static sample all spins spread out continuously in the xy-plane. With MAS the 
time dependency of the frequencies is such that at the end of the rotor period 
all spins have refocused. In a way, MAS acts like an echo since the dephasing 
of the spins caused by the dipolar coupling and the chemical shift anisotropy is 
canceled at the end of a rotor period. This continuous dephasing and refocusing 
leads to the formation of rotational echo's. Unlike a spin echo, MAS does not 
correct for different isotropic shifts. 
A REDOR pulse sequence with 4 rotor periods is displayed in figure 2.8. An echo 
with 2 T = N
c
 • TT is applied to spin I to refocus dephasing caused by resonance 
offset and different isotropic shifts. The time T
r
 is the rotor period (= l/f
r
) and 
N
c
 is the number of rotor cycles. Dephasing π pulses are applied to spin S. All 
pulses are applied synchronous with the rotor. In the REDOR experiment two 
π pulses per rotor period T
r
 are needed to counter the refocusing caused by the 
spinning and to add the dephasing of subsequent rotor periods. Like the SEDOR 
experiment, the REDOR experiment can be used to determine distances between 
different nuclei. This can be achieved in two ways; by measuring the loss in signal 
intensity as a function of the number of rotor periods (i.e. the echo time) or as a 
function of the time at which the dephasing π pulses are applied with a constant 
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number of rotor periods. In figure 2.8, the π pulses on spin S are applied at 
half the rotor period (i = (n + | ) · T
r
) and at the completion of a rotor period 
(i = η · T
r
) . The π pulse at half the rotor period reverses the sign of the I-S 
dipolar coupling and prevents the I spins from refocusing the dipolar dephasing 
at the end of the rotor period. The π pulse at the end of the rotor period assures 
that the dephasing in each rotor period is accumulated. 
2.4.1 REDOR Density Matrix Calculations 
In order to calculate the REDOR density matrix wc need to define the time-
dependent Hamiltonian of an isolated heteronuclear two spin | system with magic 
angle spinning: 
Ho(t) = ω,Ι
ζ
 + ω,(ί)Ι
ζ
 + ω33ζ + ωΞ(ί)8ζ \-ujD{t)2IzSz (2.43) 
where ω
Ί
Ι
ζ
 and ω$5
ζ
 represent the isotropic part of the chemical shift plus the 
frequency offset for spin I and spin S, respectively. Both are time independent. 
The anisotropic parts of the chemical shift are represented by uj¡(t)Iz and ws(t)Sz, 
while u)D{t)2IzSz describes the dipolar interaction between I and S. These parts 
of the Hamiltonian are time dependent and change periodically with the rotor 
frequency, according to: 
uD(t) = ±--D[sin2/3cos2(a + wri) - v /2sin2/9cos(a + ω
Γ
ί)] (2.44) 
ui(t) = C\ cos(ui
r
i + 7) + C2 cos 2(wTt + 7) + 
Si sin(u;
r
i + 7) + S2 sin 2(ωΓί + 7) (2.45) 
and a similar expression for us{t). The spinner frequency ω
Γ
 is given in radians 
per second. The angles a and β determine the orientation of the internuclear 
vector relative to the spinner. D is the dipolar coupling constant. The angle 7 
is one of the Euler angles that orient the PAS of the chemical shift tensor to the 
laboratory frame. The other Euler angles are incorporated in the expressions for 
C\, Ci, Si, and S2 which can be found in chapter 1. All terms of the Hamiltonian 
commute with each other. At thermal equilibrium the density matrix is: 
σ(0) = Iz + Sz (2.46) 
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To calculate the average Hamiltonian, we first should define the Hamiltonians 
that have to be transformed. This poses a problem since the Hamiltonian is 
time dependent. Fortunately, the time dependence is such that the Hamiltonian 
commutes with itself at all times, i.e. [Ηο{ί
η
),Ήο{ίιη)] = 0. The effect of a time 
dependent Hamiltonian on the density matrix can be approximated by assuming 
that the Hamiltonian is time independent during very small time intervals. The 
effect of the time dependent Hamiltonian from t = 0 to t — t
n
 can therefore be 
written as: 
σ(ί„) = exp(-iHo(t
n
)At) • • • exp(-iH0(t2)At) βχρ(-ι«0(ίι)Δί)<τ(0) (2.47) 
= Π
 ε χ
Ρ(-^ο(ί ;)Δί)σ(0) (2.48) 
Since 7Î0(t) commutes with itself at all times the product in formula 2.48 can be 
written as a sum in the exponent: 
σ(ί„) = exp ί ¿ ^ 0 ( ί , ) Δ ί ) J σ(0) (2.49) 
For the limit of Δί —)• 0 formula 2.49 becomes: 
( u . N 
a(t
n
) = exp -i j ÍL0{t) at) 
\ о ) 
σ(0) (2.50) 
This is equivalent with calculating the average Hamiltonian using the Magnus 
expansion. 
We will now calculate the density matrix for a REDOR experiment where 2τ = 
2T
r
. The S spin π pulses are applied at t = t\ and at t = 2TT - £i, mirror 
symmetric with respect to the I spin π pulse. The Hamiltonians and rotation 
operators have to be defined first: 
tl Tr 
ÏÏ2 = ƒ n0(t)dt, ñ3 = ƒ W)dt, 
0 tl 
2 T r - í i 27V 
«4 = ƒ Ho(t)dt, Чь = ƒ Ho{t)dt, 
Tr 27V- t i 
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; 7Γ - £ -
Лі = exp(-i-/ y ), R2 = exp(-i7rSx), 
Ri = exp(—¿π/
χ
), Âj = exp(—inSx) 
The integral over Ko(t) is: 
ƒ 7í0(í)dí = ƒ {ω7/z + w,(í)Jz + ujsSz + ws(t)Sz + Uß(i)2/zSz}di 
= ujItIz + nI{t)Iz + íüStSz + Cis(t)Sz + QD{t)2IzSz (2.51) 
where Ωβ(ί) is: 
Ωο(ί) = i uD{t)dt 
= ±-—fsin2/ïsm2(a: + cjrt) - 2\/2sin2/3siii(a + ω
Γ
ί)| (2.52) 
and Ω;(ί) and Ω$(ΐ) can be calculated in the same way. The transformed Hamil-
tonians are: 
Ή-ι = R4R3R2H2 
= -vi{ti)I. - [Ω/(ΐι) - Ωι{0)]1, + u>s{ti)S, + [Ω5(ίι) - fis(0)]S. 
-[Ω
η
(*ι)-Ω
ο
(0)]2/
ζ
5
ζ 
Ή3 = RiR$H$ 
= -ωι(Ττ - U)IZ - [Ω/(ΤΓ) - Ω,(ί,)]Λ - us(Tr - ti)St 
-\n
s
(T
r
) - Qs{ti)]Sz + [Ωρ(ΓΓ) - tlD{h)]2IzSz 
ГІ4 = ІІ4ГІ4 
= ωι{Ττ - ¿ОД + [Ω,(2Γ
Γ
 - и) - Пі(Т
г
)]І
ж
 - u>s(T
r
 - ti)St 
-[Qs(2T
r
 - t,) - n
s
(T
r
)]S, - [Ω0(2ΓΓ - í t) - ΩΒ(ΤΓ)]2/Ζ5Ζ 
% = Ъь 
= ω/(ίι)Ι, + [Ω/(2Τ
Γ
) - Ω/(2Τ
Γ
 - h)]Iz + u>3{h)St 
+[Ω.9(2ΤΓ) - Ω5(2ΓΓ - tx)]Sz + [Ωσ(2ΤΓ) - Ωσ(2ΓΓ - h)]2IzSz 
With the transformed Hamiltonians the density matrix at t = 2T
r
 can be calcu­
lated: 
σ(2Τ
Γ
) = H'sH'tH'aH'ilURaRiRMO) (2.53) 
Recognizing the fact that all transformed average Hamiltonians Ή, commute with 
each other and making use of the fact that the time dependent parts of the average 
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Hamiltonian are periodic with T
r
, the average Hamiltonian H
re
 for the REDOR 
experiment is: 
Hre = % + % + %+% (2.54) 
= ω8(4ίι - 2TT)SZ + 2[Ω5(*ι) - ß s ( - i i ) ]S , + 
+2[2Ω
ο
(0) - nD(tx) - ÜD{-h)]2hSz (2.55) 
For σ(2Τ
Γ
) we then arrive at the following result: 
σ(2Τ
Γ
) = exv{-iH~
re
)R4R3R2Ri[Iz + Sz] (2.56) 
= ехр(-Ш
те
)[1
х
 + S
x
] 
= /xcos2[2nD(0)-fiD(íi)-no(-í1)] + 
2/y52 sin 2[2Ω
ο
(0) - Ω 0(ίι) - Ω ο Η Ο ] + Sz (2.57) 
If we position the dephasing π pulses at the center of the rotor period, i.e. t\ = 
T
r
/2, we arrive at the following result: 
σ{2Τ
τ
) = /
x
cos[—\/2sin2/3sina] + 2/y5zsin[—\/2 sin 2/3 sin a] + Sz (2.58) 
U)
r
 UJf 
The signal intensity is governed by the factor associated with the /
x
 operator. 
For a powder the integral over all angles a and β has to be used, resulting in (for 
«i = Tr/2): 
2π π 
S(DTr) = — i ( cos[ -V^sin2/?sina]sm/3d^dû (2.59) 
4π J J π 
о о 
We have calculated the density matrix for a REDOR experiment in which 2r = 
2T
r
. It is now easy to calculate the average Hamiltonian, the density matrix and 
the REDOR signal for an arbitrary number of rotor periods. We obtain for the 
average REDOR Hamiltonian: 
%. = J W 2 * i - T
r
)Sz + Nc{üs(U) - n s ( - í i ) ]S , 
+Ne[2SÌD{0) - ífo(ti) - nD{-U)]2IzSzl (2.60) 
where Nc is the total number of rotor periods. With ti = Т
г
/2, Н
те
 becomes: 
ñre = 2Ne[ílD{0)-nD{Tr/2)]2I.St (2.61) 
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The density matrix then becomes: 
a(NcTr) = IxCos{2Nc[nD(0)-nD(Tr/2)}) 
+2IySz sin(2iVc[iîD(0) - Ω0(Γ,/2)]) + Sz (2.62) 
And the resulting powder signal can be calculated according to: 
S{DN
c
T
r
) = — ¡ f cosí —У/2 sin 2/3 sin α] sin βάβάα (2.63) 
4π J J π 
о о 
The results of a REDOR experiment can be expressed as a difference between the 
REDOR experiment and the spin echo. The REDOR fraction 5/ is calculated 
according to: 
Sf(DNcTr) = 1 - ^ p (2-64) 
By comparing calculated REDOR curves with the signal intensity as a function 
of the number of rotor periods or as a function of the position of the π pulses, one 
can determine the I-S heteronuclear dipolar coupling constant D and therefore 
the distance between spin I and S. Figure 2.9 displays several REDOR curves for 
different values of the dipolar coupling. On top REDOR curves are displayed as a 
function of the echo period with the ж pulses applied at f = nT
r
 and t = ¿TT+nTr. 
The bottom curves display the REDOR fraction as a function of the position 
x (= tpuise/Tr) of one of the π pulses for a fixed echo time. The π pulses are 
applied at t = nTT and t = xTr + nTr, mirror asymmetric with respect to the 
refocusing π pulse. It can be seen that the dipolar oscillations become faster as 
the strength of the dipolar coupling increases. Furthermore, for stronger dipolar 
couplings the signal intensity decreases faster for both type of curves. The curves 
of the difference intensity as a function of the rotor position are symmetric around 
x=0.5. This follows naturally from the fact that, for a powder, the direction 
in which the sample is spun does not matter. In these calculations the scalar 
coupling is neglected. However, as long as the dephasing π pulses are applied 
symmetrically with respect to the refocusing π pulse on spin I, the scalar coupling 
will have no effect on the echo intensity, assuming that the scalar coupling is time 
independent. Phase cycles that are used to eliminate resonance offsets such as 
the XY-4 sequence [11] do not alter the results of these spin density matrix 
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Figure 2 9 Calculated REDOR curves for different dipolar couplings At the top, curves as 
a /unction of the echo time IT arc displayed, at the bottom as a function of the rotor fraction 
χ at which one of the π pulses per rotor period is applied 
calculations since a rotation of π radians around the x- or y-axis of the S spins 
has the same result With the REDOR technique, distances up to 8 Â have 
been measured [12, 13] There are many different ways to perform a REDOR 
experiment, for instance, the experiment can be performed on resonance, without 
an I spin π pulse and S spin π pulses positioned at t = | T
r
 and at t = | T
r
 This 
enables one to observe the loss of intensity as a function of the number of rotor 
periods by detecting the signal intensity synchronously with the rotor Another 
possibility is to apply the pulses at t = nTT on the I spins instead of on the S 
spins An extensive overview of REDOR type experiments has been given by 
Gulhon and Schaefer [3] 
The signal intensity that has been lost in the REDOR experiment has not van­
ished, but, as can be seen from formula 2 62, has been transferred to another 
type of coherence By applying the appropriate pulses, it is possible to recover 
the disappeared magnetization and to transfer it to observable magnetization on 
the S spins The experiment that transfers the magnetization from spin I to 
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spin S is called the Transferred-Echo Double-Resonance (TEDOR) experiment 
and is discussed in the next section. The REDOR density matrix calculations 
performed in this section will be very helpful in calculating the density matrix 
for the TEDOR experiment. 
2.5 Transferred-Echo Double-Resonance 
The Transferred-Echo Double-Resonance (TEDOR) [5, 6] experiment is a MAS 
experiment that is able to transfer magnetization from one spin species to another 
spin species through the heteronuclear dipolar coupling. The TEDOR pulse se­
quence is displayed in figure 2.10. The experiment consists of two REDOR pulse 
sequences, one on spin I and subsequently one on spin S. The second REDOR 
pulse sequence restores the magnetization that had been transferred into un-
observable 2IXSZ coherence by the first REDOR pulse sequence into observable 
magnetization on spin S. The amount of magnetization that is transferred is gov­
erned by the strength of the dipolar coupling and the amount of time that is 
used. 
A vector representation of coherent magnetization transfer 
The principle of transferring magnetization with the TEDOR pulse sequence is 
similar to that of the COSY experiment [14, 15]. The difference with transferring 
magnetization through the scalar coupling in liquids is that the interaction that 
N
r 
0 
У X X X X 
X X X X X 
1 
AQ 
Figure 2.10: The TEDOR pulse sequence, again wide blocks represent π-pulses, small blocks 
^-pulses. While the initial magnetization stems from the I spins, the S-spins are observed. 
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7WSV 
Figure 2.11: A vector diagram displaying the principie of coherent magnetization transfer. 
The grey and black I and S spin vectors form isolated spin pairs with the same orientation but 
the opposite dipolar coupling. 
is responsible for the transfer has become time dependent because the sample is 
spun around the magic angle. A vector diagram of the principle of the transfer 
of magnetization of the TEDOR experiment is displayed in figure 2.11. The spin 
system displayed consists of two subsystems, a grey spin system and a black 
spin system. The grey spin system represents an isolated heteronuclear two-spin 
system with an arbitrary orientation where the I spin lies along the y-axis and 
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the S spin is pointing in the z-direction. The black spin system represents the 
same spin system but here the S spin points in the -z-direction. Thus, the dipolar 
coupling between the I and S spins is opposite in sign for the grey and the black 
spin system. 
We start out with magnetization on spin I, with both the grey and the black 
vector pointing in the y-direction. These vectors represent the I spin excess 
magnetization just after a | along the -x-axis has been applied or magnetization 
that arises from cross-polarization from a third nucleus. The S spin has no net 
magnetization because the black and the grey vector are pointing in opposing 
directions along the z-axis. Here the vectors represent the S spins at thermal 
equilibrium. Since the difference in energy between the different spin states is 
very small the populations are represented as being equal. Thus we are interested 
in the net magnetization of the I spins and in all the S spins. Due to the dipolar 
coupling to the S-spins, the I spins start to dephase, the grey spin vector clock 
wise, the black one counter clock wise. After a sufficient time the grey and the 
black magnetization vector are anti-parallel along the x-axis. A \ pulse is applied 
to the I spins and the grey and black magnetization vectors become anti-parallel 
along the z-axis. Note that both the I spin and S spin grey magnetization vector 
are pointing along the -l-z-axis and the black vectors along the -z-axis. The spins 
are now in a state that is called dipolar order. Then a \ pulse is applied to the 
S spins and the magnetization vectors lie anti-parallel along the x-axis. Now the 
grey S spin vector starts to process clockwise and the black magnetization vector 
counter clockwise. After the same time both the magnetization vectors of the S 
spin lie along the +y-axis. The I spin vectors are still anti-parallel. The result 
of this experiment has been that magnetization has been transferred from the I 
spins to the S spins. 
2.5.1 TEDOR Density Matrix Calculations 
As we have seen from the magnetization vector diagram of figure 2.11, the I spins 
need to dephase in order to be able to transfer magnetization. With MAS, all 
the dipolar dephasing is cancelled over one rotor period. Therefore the REDOR 
pulse sequences are needed to allow a net effect of the dipolar coupling to the 
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spin system. In order to calculate the density matrix for the TEDOR experiment 
we could start out with defining the Hamiltonians that have to be transformed 
Instead, we can use the average Hamiltonian that is calculated for the REDOR 
experiment The time dependent Hamiltonian Ho{i) that governs the system is 
the same as was defined in the REDOR section (equation 2.43). Furthermore, 
the dephasing π pulses are positioned at the middle of the rotor period. 
σ((ΝΪ + ΝΪ)Τ
τ
) = RjîsreRfeR3k1îARM0) (2.65) 
where: 
^ r e 
^ r e 
к 
R
re 
ñ2 
к 
Rre 
/L4 
= 
= 
= 
= 
= 
= 
= 
= 
2JV/[nD(0) - üD(Tr/2)]2hS2 
2N^[QD(0)-ÜD(TT/2)]2I7SZ 
ехр(-г^Л*) 
рхр(-2тг/
х
) 
е х р ( - » 2 ^ ) 
ехр(-*2^х) 
ехр(—г7г5
х
) 
e x p í - í ^ x ) 
and N[ and N¿ are the number of rotor periods used in the REDOR pulse 
sequence on spin I and spin S, respectively. JV/ and N¿ are both equal to 2 in fig-
ure 2.10. Now we can calculate the transformed average Hamiltonians according 
to 2 17: 
7t'e = ккекШіе (2 66) 
= -2NÍ[ílD{0)-nD{TT/2)]2IyS, (2.67) 
Ή-re
 =
 R-iW-re 
= -2N^nD{0)-QD(Tr/2)]2IzSy (2 68) 
In going from equation 2.66 to 2.67 we made use of the fact that RiRfeR¿ = 
exp(—ι2π5
χ
) = 1 The density matrix can now be calculated assuming the phase 
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a of the first pulse is y: 
σ{{Νΐ + Νξ)Τ
τ
) = Р^ЩЛкЛМО) (2-69) 
= PsTeÊ"re[Ix + Sz] 
= Ή% [Ι
χ
 cos φι - 2ItSt sin φ, + S,] 
= /
χ
 cos φι cos φ s — 2IZSZ sin φ ι cos φ s 
—2IySy cos φι sin </>
s
 + S
x
 sin </>ƒ sin φ3 
+SZ cos <fe - 2/ 2 5 x sin </>s (2.70) 
whereas = 2JVC
S
 [fiD(0) - Ω0(ΓΓ/2)] 
φι = 2N¿[nn(0)-nD(TT/2)} 
The effect of this sequence has been the transfer of magnetization from spin I 
to spin S as witnessed by the non-zero coherence 5X. The amount of transferred 
magnetization depends on the dipolar evolution times of both nuclei, N^Tr and 
N'TT, and the magnitude of the dipolar coupling constant: 
Sx{t) = Sx.sin[2JV/(ni,(0)-no(ri./2))]sin[2Ar¿í(nD(0)-nD(Tr/2))] (2.71) 
The total signal intensity as a function of the number of rotor periods and the 
dipolar coupling strength can be calculated by taking the powder average: 
2π π 
,DN¡Tr 1 г г DN'T S(DN'T
r
,DN^TT) = -W /sin[^-^v/2sin2/?sina] 
о 
DNST r-[ ^V2s in2/?s ina]s in/?d/?da: (2.72) 
о 0 
χ sinf 
By measuring the signal intensity as a function of the number of rotor cycles, 
either JV' or N¿ , one can determine the dipolar coupling constant. Figure 2.12 
shows calculated TEDOR curves for different dipolar couplings. The stronger the 
dipolar coupling, the faster the oscillations. It can also be seen that the maximum 
intensity decreases when the dipolar coupling becomes smaller. This is caused 
by the fact that the number of rotor periods of the first REDOR sequence is 
constant while the dipolar dephasing is slower for smaller dipolar couplings. As 
for the REDOR experiments, many different pulse conformations are possible 
for the TEDOR experiment. When the TEDOR experiment is performed on 
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Figure 2.12: Calculated TEDOR curves for different dipolar couplings. The curves were 
calculated for a 2,2n-TEDOR sequence. 
resonance, both on spin I and spin S, the refocusing π-pulses can be left out. In 
this way, the behavior of the magnetization as a function of the transfer time can 
be directly observed, without measuring the spectra themselves. The advantage 
of this method disappears when more than one resonance is present. Also, the 
decay of the signal intensity is no longer governed by the spin-spin relaxation 
time but by the reciprocal linewidth. On the other hand, the time window in 
the on-resonance TEDOR is one rotor period, while in the TEDOR experiment 
described here the time window is two rotor periods. For large dipolar couplings 
one has to revert to faster spinning or to shifting the dephasing ж pulses to 
the beginning or end of the rotor period. To measure the dipolar oscillations 
efficiently, one should vary the number of rotor cycles of the REDOR sequence 
of the nucleus with the longest T2. 
In order to show some properties of the TEDOR experiment, two 1 3 C TEDOR 
spectra were obtained for 15N-labelled glycine, see figure 2.13. In these exper­
iments magnetization was transferred from 1 5 N to 1 3 C using different dipolar 
evolution (transfer) times. Prior to the TEDOR sequence, 1 5 N was cross polar­
ized from the protons in order to gain sensitivity and reduce the recycle times. 
A TEDOR spectrum with 2 rotor periods before and 2 rotor periods after the 
two |-pulses, designated as a 2,2-TEDOR experiment, is shown in figure 2.13(b), 
the 4,2-TEDOR spectrum is displayed in figure 2.13(c) and the CP-MAS spec­
trum is shown in figure 2.13(a) for comparison. The carboxyl carbon resonance 
is located at 176.3 ppm, the 2-C resonance at 43.4 ppm. From neutron diffrac­
tion data the carbon-nitrogen distances are known [16] and therefore the dipolar 
couplings can be calculated. Based upon the strength of the dipolar couplings it 
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Figure 2 13 1 3 C spectra of 15N-labelled glycine obtained with (a) : cross polarization from 
protons, contact time 2 ms, v
r
=3195 Hz and 104 accumulated FID's, (b): 2,2 TEDOR, the 
nitrogen was cross polarized from protons with a contact time of 1 ms and 2 rotor periods 
before and two after the 2 ^-pulses, uT=3195 Hz and 4360 scans, (c)· 4,2-TEDOR, with 4 
rotor periods before and 2 after the §-puJses, vT=3333 Hz and 29120 scans 
is expected that the build-up rate of the carboxyl carbon, D(13C-15N)=200 Hz, 
is much slower than for the 2-C carbon, D(13C-15N)=959 Hz Figure 2 13 clearly 
shows this property These spectra show that the TEDOR cannot only be used 
for the measurement of dipolar couplings but also for distance-selective excita­
tion In this experiment the carbon closest to the nitrogen was favoured If 
one wants to enhance the resonance of the more distant carboxyl carbon over 
the resonance of the 2-C carbon, figure 2 12 shows the oscillatory property of 
the TEDOR experiment that allows this Thus, in order to excite the carboxyl 
carbon resonance selectively, the dipolar evolution time should be such that the 
intensity of the 2-C resonance, which is coupled more strongly to 1 5N then the 
carboxyl carbon, is just passing through zero while the magnetization on the 
carboxyl carbons is still increasing Since the TEDOR experiment offers a conve­
nient way of transferring magnetization, it can easily be transformed into a two 
dimensional (2D) heteronuclear dipolar correlation experiment The next section 
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will discuss the 2D-TEDOR experiment and show some experimental results. 
2.5.2 2D-TEDOR 
The 2D-TEDOR experiment is a TEDOR experiment preceded by a f pulse and 
an evolution time of duration t\. With this experiment it is possible to measure 
a 2D-heteronuclear correlation spectrum and can thus be helpful in assigning res­
onances. In general, if one wants to measure a correlation spectrum, one has to 
be able to transfer magnetization. In solid state NMR several 2D-correlation ex­
periments exist that use different methods of transferring magnetization. Cross-
polarization, for instance, is a convenient way to transfer magnetization [17, 18] 
and can be modified into a 2D-heteronuclear correlation experiment [19, 20, 21], 
often in combination with homonuclear decoupling schemes. The 2D-TEDOR 
experiment and 2D-cross-poIarization correlation experiments both use the het-
eronuclear dipolar coupling for the transfer of magnetization. However, the num­
ber of nuclei that can be used as the source of magnetization in cross polarization 
is mainly restricted to nuclei with strong homonuclear dipolar couplings such as 
:
Η and 1 9 F. When other nuclei are used as the source of magnetization it becomes 
much harder to use cross-polarization since an accurate Hartmann-Hahn match 
is much harder to achieve. Recently, Fyfe and co-workers [22] were able to cross-
polarize from 27A1 to 3 1 P and vice versa and used 27A1 as a source of magnetiza­
tion for the measurement of a 2D-heteronuclear 27A1-31P correlation experiment. 
Another way to transfer magnetization between different nuclei is through the 
ifl^ Jl 
s 
N
c 
A 
A 
о 
1 
Ά 
AQ 
Figure 2.14: 2D-TEDOR sequence with the (i evolution period before the TEDOR sequence. 
With this sequence it is possible to correlate the spectra of two different nuclei. The ^-pulse 
at the start of the pulse sequence can be replaced by cross-polarization from a third nucleus in 
order to gain sensitivity. 
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scalar coupling [23] Unfortunately, in the solid state the scalar coupling is often 
too small relative to relaxation times in order to transfer magnetization withm 
a reasonable time The 2D-TEDOR experiment makes it possible to measure 
2D-heteronuclear correlation spectra of nuclei which are difficult to access with 
other 2D-correlation experiments 
2.5.3 2D-TEDOR Density Matrix Calculations 
For the density matrix calculation of the 2D-TED0R experiment we use the same 
time dependent Hamiltonian as in the previous sections (equation 2 43) We will 
make use of the transformed Hamiltonian of the TEDOR pulse sequence 
N
c
T
r
+tt+t2 
a(t
u
t2) = ехр{-г Í Ho(t) dt) x 
NcTr+ti 
exp 
exp 
i2I¡Sy 2ЛГ
С
5
 (Ω
Β
(ίι) - Ω
β
(Γ
Γ
/2 + ti)) 
i2ly\ 2N' (Ω/,(*ι) - Ω0(ΤΓ/2 + ti)) 
ехр(-г/ Ho(í)rfí)exp(-i| Ϊ
α
)σ(0) (2 73) 
If we now concentrate on the observable magnetization S
x
 and leave out the other 
coherences for clarity, one arrives at the following expression for S
x
, with a = у 
S
x
(ti,t2) — 5xcosn/(íi)cos^D(íi)sin0ssin0/cosns(Í2)tob0£i(Í2) (2 74) 
with Ω/(ί!) = ai/ti + / ωι{τ)άτ 
Jo 
<Ы*і) = / uD(r)dT Jo 
rh+H 
and tlsih) = ^ih + / t*>¡(T) dr 
Jti 
<f>n(h) = / ωϋ{τ)άτ Ju 
and <¡>s and φι are defined as 
φ5 = 2 ^ [ П в ( 0 - П в ( Т г / 2 + *1)] 
φ
Ι
 = 2NÏ[QD{t1)-Clü{TT/2 + t1)} 
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F2PPM 
Figure 2.15: The 2D-TEDOR 15JV 1 3C correlation spectrum of doubly-labelled glycine-2-
13C,15JV. The magnetization was transferred with a 2,2-TEDOR sequence. The projection of 
the nitrogen spectrum is displayed at the right of the spectrum, the carbon projection at the top. 
Only the region around the methine carbon was measured. For each of the 128 experiments, 
256 FTDs were accumulated with a relaxation deiay of 5 s. The spinning frequency was 3196 Hz. 
The increment in ti was 250 ßs. The I5JV spins were cross-polarized from the protons with a 
contact time of 1 ms. 
The fact that i t appears in the expressions for 0s, φι, Osfo) and фг>{Ьт) in­
troduces no extra time dependence, since the powder average has to be taken 
in order to calculate the spectrum. By cycling the phase α of the prepara­
tion pulse through y, x, у and χ the S-spin magnetization is modulated by 
cosΩ/(ii), —sinΩ/(ίι), — cosO^íi), and sinfì/(ti), respectively, and provides a 
convenient way to apply TPPI. This also provides a mean to cancel out unwanted 
magnetization arising from the direct excitation of the S-spins themselves. 
In order to show the feasibility of the 2D-TEDOR. experiment 13C-15N 2D-
correlation spectra were measured. Two different samples were used in these 
experiments; 98% 15N labelled glycine and doubly-labelled glycine-2-13C,15N, di-
luted with normal glycine to 25%. The samples weighed approximately 125 mg. 
A home-built triple-tuned MAS probe was used. The experiments were performed 
on a Bruker CXP-300 equipped with a home-built spin frequency controller that 
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F2PPM 
Figure 2 16 The 2D-TEDOR 15JV-13C correlation spectrum of lsN-labelled glycine The 
magnetization was transferred with a 4,2-TEDOR sequence The projection of the nitrogen 
spectrum is displayed at the right of the spectrum, the carbon projection at the top For each 
of the 64 experiments, 3736 FIDs were accumulated with a relaxation delay of 2 s The spinning 
frequency was 3196 Hz The increment m ti was 500 με The 1 5 N spins were cross-polarized 
from the protons with a contact tjme of 1 ms 50 Hz Gaussian broadening was applied to the 
F2-dimension and 10 Hz Gaussian broadening to the Fl-dimension 
actively controlled the spinning speed within 1 Hz to a constant value during the 
entire experiment The spectrometer was operating at 75 432 MHz for 1 3C and 
at 30 398 MHz for 1 5N The B
x
 held strength was, 40 kHz for 1 5N, 1 3C and lH 
with power levels of about 400, 150 and 36 Watts for each nucleus, respectively 
In order to gain sensitivity, cross-polarization was used to increase the initial 
1 5N magnetization and to shorten the recycle delay of the experiment After the 
cross-polarization, the protons were decoupled with a field strength of 70 kHz 
The shift of the nitrogen resonance of glycine was set at -347 91 ppm, which is 
relative to CH 3N0 2 (neat) 
Figure 2 15 shows the 1 5N- 1 3C 2D-TEDOR spectrum of doubly-labelled glycine 
The magnetization from the 15N spins was transferred to the carbons in four rotor 
periods, two before the pair of ^-pulses and two after Along with the central 
2-13C- 15N cross peak, with a 13C shift of 43 4 ppm, the cross peaks corresponding 
Solid State Double Resonance NMR 
50 CHAPTER 2. SOLID STATE NMR DOUBLE RESONANCE. 
to the 13C spinning sidebands are also clearly visible. The 2D-TEDOR spectrum 
of 15N-labelled glycine is displayed in figure 2.16. Here not only the 2-C,N cross 
peak (¿(13C)=43.4 ppm) can be seen but also the 1-C,N (¿(13C)=176.3 ppm) 
cross peak. The intensity of the 1-C,N cross peak is clearly less intense as the 2-
C,N cross-peak, as expected. The 2D-TEDOR experiment performed on doubly-
labelled glycine took a short time compared to the experiment performed on the 
15N-labelled sample. Double labeling of the sample would therefore be preferable 
if the natural abundance of the nuclei involved is low. If the sample is uniformly 
labelled, the homonuclear 13C-13C couplings can give rise to a decrease in signal 
intensity, for the homonuclear dipolar couplings tend to destroy the generated 
coherences. If, however, the transfer time is kept short enough, it should be 
fairly easy to obtain a 2D-correlation spectrum. The TEDOR and 2D-TEDOR 
experiment can be modified into an experiment in which the magnetization is 
not transferred through the dipolar coupling but through the scalar coupling 
by replacing all dephasing π-pulses by one pulse applied at the same time as 
the refocusing π-pulse. A prerequisite for this experiment to succeed is that 
the scalar coupling should be large compared to the T2 of the nuclei involved. 
The 2D-TEDOR experiment has been successfully applied to aluminophosphate 
molecular sieve \TI-5 [24, 25]. In chapter 5 the 2D-TEDOR experiment on VPI-5 
will be discussed. 
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Chapter 3 
A Solid State NMR 3D-Heteronuclear 
Dipolar-Correlation Experiment. The 
Correlation of ¿(13C) ,¿(15N) and D ( C _N) . 
Abstract 
A three-dimensional (3D) Transferred-Echo Double-Resonance (TEDOR) solid 
state NMR experiment was developed and has been applied to glycine-2-13C-
15N The 3D-TEDOR experiment enabled the simultaneous measurement of the 
I3C- 15N correlation spectrum and the nC-15N dipolar coupling constant The 
measurement of an I-S correlation spectrum and the I-S dipolar coupling constant 
can be useful in situations where more than one I spin is coupled to another S 
spin Although the experiment is time consuming, the experiment performed on 
doubly-labelled glycine shows its feasibility 
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3.1 Introduction 
In solid state NMR a number of experiments exist for measuring a 2D-hetero-
nuclear correlation spectrum [1, 2, 3, 4]. A 2D-heteronuclear correlation spectrum 
can be very useful in assigning resonances and for enhancing the resolution. In 
order to measure a 2D-heteronuclear correlation spectrum one must be able to 
transfer magnetization from one nucleus to another. This can be achieved through 
the dipolar coupling or the scalar coupling. In the Transferred-Echo Double-
Resonance (TEDOR) experiment [5, 6] magnetization is coherently transferred 
through the weak heteronuclear dipolar coupling and is used in combination with 
magic angle spinning. With the TEDOR experiment one can measure the dipolar 
coupling constant between two nuclei by increasing the transfer time [6]. Recently, 
a 2D-TEDOR experiment has been developed [7, 8, 9] in which magnetization 
is coherently transferred by using a TEDOR pulse sequence. Here we propose 
a 3D-NMR experiment in which a 2D-heteronuclear correlation experiment is 
combined with the measurement of the heteronuclear dipolar coupling constant. 
In the 2D TEDOR experiment the amplitude of the S-spin FID is modulated by 
the intensity of the processing I spin magnetization at t=t\, giving rise to a I-S 
cross-peak in the 2D-spectrum. In the 3D-version the I-S cross-peak intensity 
is modulated by the heteronuclear dipolar coupling by increasing transfer time 
¿3, i.e. the dipolar evolution time, for each 2D-experiment. In this way, the I-S 
distance can be obtained by observing the I-S cross-peak intensity as a function 
of the dipolar evolution time. 
3.2 Theory 
The pulse sequence that is used in the 3D-experiment is shown in figure 3.1. First, 
the I-spins (in this case 15N) are cross-polarized from the protons to increase sen-
sitivity. Then the I spins are allowed to evolve under Ho{t) for an incrementable 
time t\. The remaining Iy magnetization is then transferred to the S spins (in 
this case 13C) with a TEDOR pulse sequence. The dipolar evolution time is in-
creased by increasing the number of rotor periods before the pair of (I,S) | pulses. 
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Figure 3 1 The 3D pulse sequence used m the experiment Wide blocks represent тг-pulses, 
narrow blocks \ -pulses At the start of the pulse sequence, 15JV is cross-polarized from the 
protons After the evolution time t t , the magnetization is transferred to 1Э С through a TEDOR 
pulse sequence The third time variable Í3, the dipolar evolution time, is the number of rotor 
periods before the transfer of magnetization from 15JV t o 1 3 С After the TEDOR pulse sequence, 
the 1 3 C FÍO is measured The pulse sequence depicted here uses a 4,2-TEDOR pulse sequence 
for the transfer the magnetization 
The pulse sequence depicted in figure 3.1 incorporates a 4,2-TEDOR sequence, 
which means that there are four rotor periods before the pair of | pulses and 
two rotor periods after (N' = 4, iVcs = 2) The dephasing π-pulses arc applied 
at the midpoint of the rotor period and at the completion of a rotor period Af­
ter the 2n,2-TEDOR sequence is completed, the S-spm FID is measured The 
pulse sequence is rotor-synchronized, as are Rotational-Echo Double-Resonance 
(REDOR) [10] and TEDOR experiments 
The spin density formalism can be used to describe the 3D-expenment. The 
calculations assume an isolated heteronuclear spin | pair without scalar coupling 
under magic angle spinning The Hamiltonian that describes this spin pair is 
given by 
U0(t) = w// 2 +w / ( i )/ z -)-w s 5 z + ^ ( í ) 5 z + üjD(í)2/zS,z, (3.1) 
where u>¡Iz and u>sSz represent the isotropic part of the chemical shift plus the 
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resonance offset for spin I and spin S, respectively. Both are time independent. 
The anisotropic parts of the chemical shift are represented by ω/(ί)/
ζ
 and u)s(t)S2, 
while ωο(ί)2/
ζ
5
ζ
 describes the dipolar interaction between I and S, 
wD(t) = ±-D[sin 2 /?cos2(a + o;rt) - v /2sin2/3cos(a+ ωΓ<)] 
The angles a and β orient the dipolar I-S vector with respect to the magnetic 
field; D = 7/7sß./r3> the dipolar coupling constant. The parts of the Hamilto-
nian u)[(i)Iz, <jJs(t)Sz and W D ( Ì ) 2 / 2 S Z are time dependent and periodic with u>r. 
All terms in this Hamiltonian commute with each other. Making use of spin 
density calculations already performed for REDOR, TEDOR and 2D-TEDOR in 
chapter 2, the spin density operator that describes the 3D-experiment is given 
by: 
Nc'I'r+il+h 
a(t!,t2,N[Tr) = e x p ( - ¿ / 7 Í 0 ( í ) d í ) χ 
JVcTr+tl 
exp 
exp 
i2IJ5y-2N? (Ω 0 ( ί ι ) - Ω 0 (Τ Γ /2 +1,)) 
i2IySz-2N¿ (üoih) - Ω 0 (Γ Γ /2 + h)) 
«1 
exp(-if Ho(t) dt)a(0+), (3.2) 
where σ(0 + ) is ± / y or ±IX depending on the phase of the contact pulse during 
cross-polarization. Λ// is the number of rotor cycles during Í3, Arf is the number 
of rotor cycles between Í3 and t2 and Tr the rotor period. In addition, 
nD(t) = iujD(t)dt 
If σ(0+) = /
x
, than the observable magnetization S
x
 is equal to: 
S
x
{ti,t2,N[Tr) = 5 X cosΩ/(i i)cosçiD( t^ χ 
s i n ^ D { N ' C T T ) sin Φΐ(ΝξΤτ) x 
COS Ω 5 ( ί 2 ) COS (fofo) (3.3) 
The term cosÇii(ti)cos(j>[>(ti) arises from the evolution of / x under Hail) and 
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c o s Q s ^ ) cos0o(i 2 ) from the evolution of the transferred magnetization, Sx, un­
der Ήο(ί) · Here 
Ω/(ίι) = ω/ίι + / Wf(r)dr 
Jo 
/•tl 
^ D ( Í I ) = / ω£ΐ(τ)(ίτ 
Jo 
Ω 5 ( ί 2 ) = ω 5 ί 2 + / ÍVS{T)CIT Jti 
/-Í1+Í2 
<М<г) = / ω
β
( τ ) ί ί τ 
•/ti 
The terms sm<f>[,(N¿Tr) and sin0^(iV^T r) in equation 3.3 represent the effect of 
the dipolar coupling on the magnetization for the first and the second part of the 
TEDOR pulse sequence, respectively: 
ΦΩ(Ν'ΤΤ) = - 2 \ / 2 ^ ^ s i n 2 í a s i n ( a + a;rí1) 
<j>UN?Tr) = - 2 v / 2 ^ ^ s i n 2 ^ s i n ( a + wrí1) (3.4) 
The signal intensity as a function of í3 (= N¿TT) can be calculated by taking the 
powder average over α and β. 
3.3 Experimental 
A sample of doubly-labelled [2-13C,15N]glycine (99% I 3 C and 99 % 1 5 N ) , co-
crystallized to 25% enrichment with natural-abundance glycine, was used in the 
experiment. The sample weighed approximately 125 mg. The 3D-expcriment 
was performed on a Bruker CXP-300 equipped with a home-built spin frequency 
controller that actively regulated the spinning speed within 1 Hz at a constant 
value of 3196 Hz during the entire experiment. A home-built lH, 1 3 C , 1 5 N triple 
resonant probe was used. The RF-field strengths were 40 kHz for 1 3 C and 1 5 N . 
After ΧΗ- 1 5Ν cross-polarization with a proton field of 40 kHz and a contact time 
of 1 ms, the proton RF-field strength was switched to a value of 70 kHz. Each 
2D-correlation experiment (íi,Í2,Í3=constant) consisted of 64 experiments with 
a ii increment of 500 μβ. Subtraction of background 1 3 C signal and Time Pro­
portional Phase Incrementation (TPPI) was obtained by alternating the phase 
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of the 15N contact pulse For each t\ value 160 scanb were accumulated with 
a relaxation delay of 4 9s The dipolar evolution time (£3) was increased with 
two rotor periods between each of the 16 2D-TEDOR experiments, hence, the 
increment in the dipolar evolution time was 625 8 /ÍS A 2n,2-TEDOR transfer 
scheme, where η = 1 — 16, was used in the experiment The total experimental 
time was 223 hours Each of the 16 2D-TEDOR spectra was Fourier transformed 
with the same parameters The peak volumes were measured by integration 
3.4 Results and Discussion 
The integrated intensities of the 2-l3C-15N cross-peaks located at (¿"(13C) = 
43 4 ppm and J(15N) = 347 9 ppm) as a function of the dipolar evolution time 
is displayed in figure 3 2a The first eight 2D-files are displayed in figure 3 3 
a 
3 
e 
<Ú 
-ι—ι—ι—ι—1—1—1—ι—1—1—ι—1—1—1—r-i—1—1—r-1—1—г 
о measured 
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* • ' • • '—• ' • • 
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л 
ΙΛ 
С 1) 
I • ' ' I ' ' ' 
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_l_ _l_ 
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Frequency (Hz) 
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F igure 3 2 a: The intensity of the 2- 1 3C- 1 5N cross-peak ai ¿function of the dipolar evolution 
time U (= Ν' * T
r
) b : The Fourier Transform of the 2-13 C-i!iN cro4s-peak intensity The 
measured data are indicated by open circles, the calculated data with a continuous Ime An 
exponential line broadening of 57 Hz »as applied to the calculated curves Prior to Fourier 
transformation of both the measured and the calculated data, ?ero filling to 128 data points 
was applied No phasing was applied to the dipolar spectrum 
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Nc=2 
Figure 3 3 The I3C-15JV cross-peaks as a function of the transfer time, the first eight 2D-
spectra are displayed The 1 3 C and 1 5 N spectral dimensions are as indicated, the number of 
rotor periods (ι e the transfer time) increases from ¡eft to right, where for the left most peak 
Nc = 2 and for the peak at the right end Nc = 16 
Theoretical TEDOR curves were calculated from equation 3 3 for different values 
of the dipolar coupling constant and were fitted to the experimental data The 
best fit is shown in figure 3 2a Figure 3 2b displays the Fourier transform of 
both the measured and the calculated data In this way a value of 876 Hz for 
the 2-13C-15N dipolar coupling constant was obtained, which corresponds to a 
distance of 1 518 Â The error is estimated to be ±15 Hz ( Ξ ± 0 009 Á) The 
rigid-lattice value of the 2-13C-15N distance obtained by neutron diffraction [11] 
is 1 476 Â Such a discrepancy between the distance measured by neutron diffrac-
tion and the value obtained by the 3D-TEDOR experiment has also been found 
in other TEDOR experiments [6] The difference probably arises from thermal 
motions which lead to a longer average C-N distance and a slight averaging of 
the dipolar coupling towards its isotropic value 
Although the time it took to obtain the 3D-spectrum was very long the ex-
periment can be useful for assigning resonances and determining inter-nuclear 
distances at the same time Supposing that one nucleus S has a dipolar coupling 
with diffeient I spins and the I spins are not coupled to each other, a TEDOR ex-
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périment would give rise to a complicated dipolar spectrum In the 3D-TEDOR 
experiment, the contribution of each spin I to the intensity of the S spin will be 
separated Each Ι,-S cross-peak will therefore be modulated with its own 1,-S 
dipolar coupling, and thus facilitate the measurement of each Ι,-S distance The 
long measurement time, which may be a drawback for this experiment, can be 
shortened m several ways The sample volume, in this experiment correspond­
ing to only 125 mg, can be increased The relaxation delay can be shortened, 
which was 4 9 s to lessen demands on machinery Another possibility to shorten 
the measurement time is to use an undiluted 100% isotopically enriched sam­
ple, in which case care must be taken that intermolecular dipolar couplings do 
not severely influence the measurement of the dipolar coupling constant In the 
latter case homonuclear dipolar couplings could also give rise to a shortening of 
relaxation times 
We hope to have shown that it is possible to measure a 3D-dipolar correlation 
spectrum, although isotopie enrichment is necessary in cases where the natural 
abundance of the nuclei of interest is low This experiment could be useful m 
determining inter-nuclear distances and measuring a heteronuclear correlation 
spectrum at the same time, especially if a number of spins are coupled to each 
other 
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Chapter 4 
Spin-Echo Double-Resonance experiments on 
aluminophosphate molecular sieves. 
Abstract 
The average 27A1-31P distances in the aluminophosphate molecular sieve A1PO-5, 
and in a silicoaluminophosphate molecular sieve, SAPO-11, were determined by 
using Spin Echo Double Resonance (SEDOR). A calculated SEDOR-curve was 
fitted to the data in order to obtain the dipolar coupling constant. The tetra-
hedral surrounding of 27A1 by four 31P atoms in the second coordination sphere 
was taken into account in the calculation of the theoretical SEDOR curve. The 
average 27A1 -31P distances obtained by using this technique proved to be in 
good agreement with X-ray diffraction data. 
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4.1 Introduction 
The Spin-Echo Double-Resonance (SEDOR) solid state NMR experiment was 
developed by Kaplan and Hahn [1, 2] in 1958. The SEDOR experiment is a 
static double resonance experiment that can be used for the determination of the 
heteronuclear dipolar coupling and thus enables the measurement of the distance 
between two spins. Wang et al. [3] used the SEDOR technique to decide between 
different structures of acetylene absorbed on small platinum particles. By using 
170-13C SEDOR, Shore et al. [4] measured the bond length of CO chemisorbed 
on Pd, which lead to the conclusion that the configuration of the chemisorbed CO 
was that of a bridging carbonyl. Another application of the SEDOR technique 
was the mapping of the 195Pt spectrum of small platinum-metal particles on which 
13CO carbon monoxyde was chemisorbed [5]. The spectrum of the surface 195Pt 
atoms were resolved from that of 195Pt atoms deeper in the particle by 195Pt-
13C SEDOR. Eckert and co-workers have shown the importance of the SEDOR 
technique for structural elucidation of non-oxide glasses such as PSe glasses [6] 
and CdGeP2 glasses [7]. 
The application of the SEDOR technique to zeolite-type materials could be a 
very useful tool to gain insight into the local structure. For instance, for the mea-
surement of inter-atomic distances and to distinguish between lattice and extra-
lattice species. Here the SEDOR technique is applied to (silico)aluminophosphate 
molecular sieves AlPO-5 and SAPO-11 in order to show the usefulness of the ap-
plication of the SEDOR technique to such materials. In a related experiment on 
aluminophosphates and zeolites [8], where a somewhat different double resonance 
technique was used, connectivities between different nuclei could be established. 
Unfortunately, no accurate distance information could be determined. Although 
the application of the SEDOR technique to aluminophosphate molecular sieves 
is not straightforward, inter-atomic distances can be measured fairly accurately 
with SEDOR. 
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The structure of A1PO-5 and A1PO-11 
A1PO-5 and A1PO-11 are members of a large family of aluminophosphates that 
were first synthesized by Wilson et al [9] in 1982 Since then, a lot of research 
has been dedicated to these materials because of their potential as a new type of 
large pore catalysts The structure of A1PO-5 was elucidated by Bennet et al [10] 
and its properties have been extensively investigated [11, 12, 13, 14] A1PO-11 
has also been the subject of extensive research [13, 16, 17, 18] and its structure 
has also been determined [19] A schematic drawing of the A1PO-5 and A1PO-11 
structures is presented in figure 4 1 A1PO-5 and A1PO-11 consist of strictly alter-
nating AIO4 and PO4 tetrahedra, forming a three-dimensional lattice The struc-
tures have one-dimensional channels which are circular in AIP 0-5 and formed 
of 12-membered rings In A1PO-11 the channels are elliptical and consist of 10 
interconnected AIO4 and PO4 tetrahedra It is possible to incorporate silicon 
into the aluminophosphate lattice leading to the formation of sihcoaluminophos-
phates or SAPO's [20] The aim of the silicon substitution is to create a net 
negative charge on the lattice which would render it catalytically active There 
are two mechanisms proposed for the silicon substitution, one where a silicon 
atom substitutes for a phosphorus and in the other mechanism two silicon atoms 
substitute for a pair of aluminium and phosphorus atoms In the latter case no 
net charge on the lattice is formed while for the former substitution mechanism 
a net negative charge on the lattice is created 
A1PO-5 A1PO-11 
Figure 4 1 Schematic drawing of the A1PO-5 and A1PO-11 structures, viewed along the chan-
nel direction Aluminium and phosphorus atoms are positioned on the corners of the squares 
and hexagons The oxygen atoms connecting aluminium and phosphorus are not indicated 
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4.2 Theory 
The SEDOR experiment consists of a Hahn echo applied to the I spins with a 
total echo period of t — 2т, and a π-pulse applied to the S spins at t = t\. The 
pulse sequence is displayed in figure 4.2. The principle of the SEDOR experiment 
has been explained in chapter 2, section 2.3. Formula 2.41 in chapter 2 gives the 
I spin signal intensity as a function of t\ and D for a powder: 
S{Dti) = Ì ƒ cos(£>Í!(3cos2 0 - 1 ) ) sint 
Where D = jijsh/r3 and r is the distance between the two nuclei I and S, and θ 
is the angle between their inter-nuclear vector f and the external magnetic field 
B0. The difference between the intensity of the I spin echo with and without the 
S spin π pulse, normalized to the intensity of the I spin echo without the S spin 
π pulse, is defined as the SEDOR fraction Sf(Dti) [4, 21]. 
SfiDU) = 5(0) - S(Dt! 
5(0) (4.1) 
When SEDOR is applied to AlPO-5, one has to take into account the fact that 
the nucleus under study is dipolar coupled to, at least, four other nuclei. This 
will make the calculation of the SEDOR fraction more complex. The theoretical 
2 7Al SEDOR curve was calculated assuming a tetrahedral surrounding of alu­
minium by phosphorus. Only the phosphorus in the second coordination sphere 
AQ 
—r I 
2r 
Figure 4.2: The pulse sequence used in the SEDOR experiment. The echo sequence is applied 
to spin I. After t = 2T, the I spin echo intensity is monitored as a function of the time t\ at 
which the π-pulse is applied to spin S. 
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Figure 4 3 A diagram showing the relationship between the four heteronudear dipolar 27A1-
3 1 P vectors r, The angle between the magnetic fíeld Bo and ri is defined as θχ The azimuthal 
angle α of r 2 with respect to fj is zero when f2 lies m the plane defined by BQ and t\ 
of aluminium was taken into account The SEDOR fraction was calculated as a 
function of a dimensionless parameter ρ ρ being the product of the dipolar cou­
pling constant D and the time ¿i at which the dephasing π pulse is applied The 
angles
 г
 between the dipolar 27A1-31P vectors ft and the magnetic field vector 
Д) are related to each other through the angles θ
χ
 and α The angle θ\ is the 
angle between B0 and the reference inter-nuclear dipolar vector r\, the angle а 
is the angle between the intersecting lines of the plane defined by Bo and τχ and 
the plane defined by B0 and f2, with the plane normal to f\, figure 4 3 
cos θχ = cos θχ 
1 2 л-
COS02 = —-cos 0ι + - v 2 sin α sin 0ι 
о о 
1 2 2 COS03 = --COS01 +-\/2sin(a+-π)βιη0ι 
о о о 
1 2 2 
cos 04 = —-COS01 +-\/2ып(а —-7r)sin0i 
О О о 
Since the sample is a powder, it is necessary to average over the angles α and 0 
in order to obtain the SEDOR fraction The signal intensity (not normalized) is 
now given by 
s{p) = i:s
n
(p) 
Solid State Double Resonance NMR 
68 CHAPTER 4: SEDOR EXPERIMENTS ON ALPO-5 AND SAPO-11. 
С ίϊ
π 
Sn(p) = / / cos(én(a,θ;ρ)) -δΊηθάσάθ Jo Jo 
where the number of 16 possible combinations of the dipolar fields of the four 
nuclei have been reduced to 8 combinations S
n
(p) by recognizing that the sign of 
the sum of the dipolar fields is unimportant. The angles φ
η
 over which the spin 
packets dephase are given by: 
φι(α,θ;ρ) 
Φ2{α,θ;ρ) 
Фз{а, ;р) 
φ4{α,θ\ρ) 
Фъ{а, \р) 
Фб(а, ;р) 
ф7(а, ;р) 
Ф&(а, \р) 
= 
= 
= 
= 
-
= 
= 
= 
р(3 cos2
 х
 + 3 cos2 02 + 3 cos
2
 03 + 3 cos
2
 04 -
р(3 cos2 θχ + 3 cos2 02 + 3 cos2 0 3 - 3 cos2 04 -
p(3 COS2 0! + 3 cos2 0 2 - 3 cos2 03 + 3 cos2 04 -
p(3 cos2 0 1 - 3 COS2 02 + 3 COS2 03 + 3 cos2 04 -
p ( - 3 COS2 01 + 3 COS2 02 + 3 COS2 03 + 3 cos2 04 
p(3 cos2 0! + 3 cos2 0 2 - 3 cos2 0 3 - 3 cos2 04 ) 
p(3 cos2 0 1 - 3 cos2 02 + 3 cos2 03 - 3 cos2 04) 
p ( - 3 COS2 0! + 3 cos2 02 + 3 cos2 0 3 - 3 cos2 04 
•4) 
•2) 
•2) 
•2) 
- 2 ) 
) 
In order to obtain the dipolar coupling constant, the calculated SEDOR fraction 
was fitted to the experimental data by scaling with respect to p. The scaling factor 
obtained in this way provided the dipolar coupling constant directly. The average 
2 7A1- 3 1P distance could then be obtained from the dipolar coupling constant, 
assuming that all Al-P distances are equal. 
4.3 Experimental 
All experiments were performed on a solid state high-resolution Bruker CXP-300 
spectrometer at a magnetic field strength of 7.05 T. A home-built magic angle 
spinning double resonance single coil probe was used, tuned at 78.172 MHz for 
27A1 and 121.442 MHz for 3 1 P . The 27A1 and 3 1 P chemical shifts were referenced 
using А1(Н 20)б+ in an aqueous solution of AICI3, and H3PO4 (85%), respectively, 
as external standards. A typical 27A1 spectrum was obtained by coadding 5000 
FID's (free induction decays) with a relaxation delay of 0.25 s. 2D-nutation 
experiments [22] demonstrated that the nutation frequency of virtually all 27A1 
spins was equal to 3ω
Γ
/ (ω
Γ
/ ^С ως>). Hence, a | pulse (4 ps), which acted as a 
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|-pulse, was used. A 3 1 P spectrum took approximately 100 coadded FID's, using 
a relaxation delay of 60 s and a | pulse of 7 fis. 
The A1PO-5 was synthesized with n-tripropylamine (TPA) as a template. The 
framework composition of the calcined SAPO-11 was 0.16 Si, 1.03 Al and 1.00 P. 
The SAPO-11 was synthesized with n-dipropylamine (DPA) as a template. The 
samples were kindly supplied by Prof, van Bekkum and co-workers (T.U. Delft). 
The SEDOR experiment was performed with the echo pulse sequence on 27A1 
and the dephasing π pulse on 3 1 P. It was observed that the SEDOR fraction also 
increased as a function of t\ when the echo pulse sequence was performed on 3 1 P 
and the dephasing π pulse was applied to 27A1. However, the effect of a dephasing 
π pulse on 27A1 is not well defined, since 27A1 is a quadrupolar nucleus, so a π 
pulse will only excite the < \,—\ > transition. In other words, only a fraction of 
the 27A1 spins will make a spin flip. This is the reason why it is difficult, in this 
case, to calculate the SEDOR fraction exactly. Another advantage of observing 
27Al is the much shorter Ti relaxation time of 27A1 compared to the 3 1 P T^ 
4.4 Results and Discussion 
The static 27A1 and 3 1 P spectra taken from A1PO-5 as-synthesized both display 
only one broad resonance line, at 38.4 and -32.8 ppm, respectively. The 27A1 and 
3 1
Ρ magic angle spinning (MAS) spectra also display one resonance line located at 
35.1 ppm for 27A1 and at -31.8 ppm for 3 1 P . The result of the SEDOR experiment 
(static) on A1PO-5 is shown in figure 4.4. The SEDOR fraction S;(U) is displayed 
as a function of t\. From these data the dipolar coupling constant was established 
to be 405 ± 10 Hz. The corresponding average 31P~27A1 distance is therefore 3.15 
± 0.03 Â. 
The calcined SAPO-11 MAS spectra display one resonance line at 36.0 ppm for 
27AI, and one line at -29.0 ppm for 31P. The 27A1 and 31P static spectra show broad 
resonance lines at 38.4 ppm and at -31.0 ppm, respectively. Figure 4.5 displays 
the SEDOR curve as measured for SAPO-11. The dipolar coupling constant D 
obtained was 400 ± 15 Hz. The average 31P-27A1 distance has been calculated 
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Figure 4 4 The SEDOR fraction for AlPO 5 as-iynthesizcd The squares represent the 
measured data, the solid hne represents the calculated fit for D = 405 Hz, giving an average 
27Al 3 1 P distance of f = 3 15 Â The dashed ¡me and the dotted line reprebent the hts for 
τ = 3 05 Â and Τ = 3 25 Â, respectively The totai echo period (2r) was 1200 με 
to be 3 17 ± 0 05 A 
Both 27A1-31P distances are in fairly good agreement with X-ray powder diffrac­
tion data and pulsed neutron powder diffraction refinement [10, 19] The average 
27A1-31P distances, calculated from these data, are 3 14 Â and 3 13 A for AlPO-5 
and A1PO-11, respectively The average aluminium-phosphorus distance found 
for SAPO-11 by the SEDOR technique is in good agreement with the X-ray value 
for A1PO-11 despite the fact that the sample was silicon substituted A1PO-11 
The silicon substitution can lead to aluminium atoms which have less than four 
phosphorus atoms in their second coordination sphere and which will thus have 
a smaller total dipolar coupling to phosphorus This, in its turn, could lead to a 
different SEDOR curve However, from the good agreement between the average 
SEDOR distance and the average X-ray diffraction distance it can be concluded 
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Figure 4.5: The SEDOR fraction for calcined SAPO-11. The squares represent the measured 
data, the solid line represents the calculated fit for D = 397 Hz and Ψ = 3.17 Â. The dashed 
line and the dotted line represent the fits for r = 3.07 Â and Ψ = 3.27 Â, respectively. The 
total echo period (2r) was 1600 ßs. 
that silicon substitution does not need to be taken into account in this case. 
The good agreement in the average distance between phosphorus and aluminium, 
measured with X-ray diffraction and the SEDOR, experiment, shows that the SE-
DOR technique can also be successfully applied for measuring distances between 
abundant nuclei with a relatively small dipolar coupling. It is also evident that 
the average dipolar coupling can be retrieved with the SEDOR experiment when a 
system, more complicated than a two spin system is considered, although a-priori 
knowledge about the structure is probably needed. 
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Chapter 5 
Solid State NMR 2D-Heteronuclear 27A1 - 3 1 P 
Correlation Spectroscopy of Aluminophosphate 
Molecular Sieve VPI-5. 
Abstract 
A new 2D-heteronuclear correlation pulse sequence for solids under magic an-
gle spinning conditions has been applied to aluminophosphate molecular sieve 
VPI-5. The 2D-TED0R experiment makes it possible to correlate spectra of two 
different nuclei through the weak heteronuclear dipolar coupling and provides 
an alternative when cross-polarization or the scalar coupling are inappropriate 
for the transfer of coherence. The 2D 27A1-31P correlation spectrum shows that 
all phosphorus and aluminium resonances are correlated to each other. The PA 
resonance at -23.3 ppm can be unambiguously assigned to the PI site in the crys-
tal lattice. Although the other two phosphorus resonances can not be assigned 
definitely, their connection with the aluminium resonances has become clear. 
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5.1 Introduction 
The aluminophosphate molecular sieve VPI-5 was first synthesized in 1988 by 
Davis et al [1] The pore diameter of VPI-5 is 12-13Ä and, apart from the 
recently discovered gallo-alummophosphate dovente [2], which has a pore size 
of ~ 30Â, has the largest known pore size in these type of crystalline materials 
The interest in VPI-5 for catalysis is mainly due to its large pore diameter which 
allows larger molecules to enter the molecular sieve unhindered [3] For instance, 
the conversion of olcfines in rhodium impregnated VPI-5 has been investigated 
[4] It was found that the conversion of large molecules, which do not readily 
react in other molecular sieves, did occur in Rh-VPI-5 
VPI-5 contains eighteen-membered rings made up from six-membered and four-
membered rings (space group Рбзст) These eighteen-membered rings form 
the one-dimensional channels in the lattice, figure 5 1 The structure consists of 
strictly alternating AIO4 and PO4 tetrahedra In the dehydrated VPI-5 structure 
there are two different crystallographic sites present, one site in the interconnect­
ing four-membercd rings and two sites in the position that is shared between a 
six-membered ring and a four-membered ring The 3 1 P spectrum of dehydrated 
VPI-5 consequently shows two resonances with an intensity ratio of 2 1 With 
the recently developed double-rotation technique (DOR) [5, 6] Wu et al [7] mea­
sured the 27A1 DOR spectrum which also showed two resonances with the 2 1 
Figure 5 1 A schematic drawing of the projection of the VPI-5 structure along the c-axis 
The corners of the squares and hexagons are the positions of, alternatingly, phosphorus and 
aluminium The positions of the oxygen atoms that connect the aluminium and phosphorus 
atoms are not indicated 
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Figure 5 2 A schematic drawing of a part of the hydrated VPI-5 structure The 3 crystal­
lography sites are indicated the phosphorus and aluminium atoms are represented by circles, 
the oxygen atoms are not indicated for clarity 
intensity ratio With the DOR technique the sample is spun around two axes si­
multaneously which removes the second-order quadrupolar broadening, resulting 
in a dramatic narrowing in the spectra of quadrupolar nuclei However, as soon 
as VPI-5 is hydrated, a third peak in the phosphorus spectrum emerges which is 
indicative of a structural change occurring in VPI-5 upon hydration The three 
peaks in the phosphorus spectrum are of equal intensity, see figure 5 3 In the 
aluminium spectrum a signal for octahedrally coordinated aluminium appears 
upon hydration The 2rAl DOR spectrum showed three lines of equal intensity, 
see figure 5 4 [7, 8] 
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Figure 5 3 The 3 1 P MAS spectrum of hydrated VPI-5 at an 3 1 P Larmor frequency of 
121 442 MHz The rotor frequency was 3950 Hz 
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Figure 5.4: The 27A1 DOR spectrum of hydrated VPI-5 at an 27A1 Larmor frequency of 
78.172 MHz. The outer rotor frequency was 1000 Hz. Chemical shifts are indicated near each 
peak. 
Upon investigating the hydrated (as-synthesized) VPI-5 structure with synchro­
tron powder diffraction McCusker et al. [9] found a model for the hydrated VPI-
5 structure that agreed with the NMR-data by lowering the symmetry of the 
structure to P63, while previous studies had assumed space group P63cm [10, 
11]. McCusker et al. found that the aluminium atom in the 4-4 position (All) 
was octahedrally coordinated with, in addition to the four PO4 tetrahedra, two 
water molecules. Also, the neighbouring six-membered rings became inequivalent, 
effectively reducing the symmetry from space group Рбзст to P63. Thus in 
this structure, three distinct crystallographic sites are present, as indicated in 
figure 5.2. Surprisingly, the water molecules inside the pore of VPI-5 are arranged 
in a triple helix, connecting the octahedral aluminium atoms. The positions of 
the water molecules in the center of the pore were less well defined. 
Based on intensity ratios, the assignment of the phosphorus and aluminium spec­
tra of dehydrated VPI-5 is straightforward. The 3 1 P resonance at -33 ppm, rela­
tive intensity 1, can be assigned to phosphorus in the 4-4 position (PI) while the 
resonance at -27 ppm, relative intensity 2, can be assigned to the phosphorus in 
the six-membered rings (P2 in the 4-6 position) [4]. Wu et al. [7] measured the 
2 7Al DOR spectrum of VPI-5 at an aluminium Larmor frequency of 104.23 MHz 
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and, using the same arguments, assigned the 27A1 resonance at 35.9 ppm to the 
aluminium in the 4-4 position (All) and the resonance at 33.3 ppm to the 4-6 
position (A12). 
The assignment of the aluminium and phosphorus spectra of hydrated VPI-5 is 
not as clear as for the dehydrated form of VPI-5. In an elegant variable tempera-
ture 31P NMR experiment [12], hydrated VPI-5 was shown to revert to its higher 
symmetry upon heating the sample, this effect was reversible. The heating of the 
sample probably causes the breakdown of the hydrogen-bonded water structure 
inside the pores and thus decreases the interaction of the water molecules with 
the crystal lattice. Based on this experiment, the lines at -23.3 ppm (PA) and at 
-27.5 ppm (PB) where assigned to phosphorus in the 4-6 position (P2/P3) and 
the resonance at -33.6 ppm (Pc) to the phosphorus site in the 4-4 position, PI. 
Other authors have also reached this partial assignment [4, 13, 14, 15]. Klinowski 
et al. [16] have assigned the phosphorus spectrum on the basis of spin diffusion 
experiments. They reached the following assignment: PA, PB, and P c originate 
from P2, P3, and PI, respectively. This assignment was already indicated by 
Perez et al. [14]. Prasad et al. [17] have shown by applying cluster model cal-
culations to hydrated VPI-5 that P2 is the phosphorus site that is most effected 
by water, thereby substantiating the assignment of others [14, 16]. Although the 
assignment of PI to the P c signal seems the most reliable, various authors have 
assigned PI to the PA resonance. Derouane et al. [18, 19] based this assign-
ment on the transformation of VPI-5 to A1PO-8, while others reached the same 
conclusion by taking into account trends expected in phosphorus chemical shifts 
[20]. 
The 27A1 DOR spectrum shows 3 resonances: A1A at (5iso=43.6 ppm and A1B 
at ¿ISO=41.6 ppm in the tetrahedral 27A1 chemical shift region and Alc, with 
Stso=-10.4 ppm in the octahedral region. Figure 5.4 shows the 27A1 DOR spec-
trum at a field of 7.05 T. Grobet et al. [8] have measured 27A1 DOR spectra 
at different field strengths, enabling them to observe the different second-order 
chemical shift behaviour of the three resonances. An octahedral aluminium site 
is clearly visible at -10.4 ppm, thus resonance Alc can be assigned to crystal-
lographic site All. Based on the fact that A1A has a much larger second-order 
quadrupole shift than A1B and that the dispersion of the Al-O-P angles around 
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the different sites is more pronounced on the A12 position than on the A13 posi-
tion,the A1A resonance is assigned to the A12 site and A1B to the A13 site. Instead 
of correlating the magnitude of the quadrupole interaction with the dispersion in 
Al-O-P angles, Engelhardt [21] correlated the quadrupole interaction to the devi­
ation from tetrahedral symmetry for each aluminium site by using a shear strain 
parameter. In doing this he found that the assignment of the 27A1 tetrahedral 
resonances had to be reversed: the А1л resonance stems from A13 and the A1B 
resonance from A12. It is clear from the above summary that the assignment of 
the resonances in the 27A1 and 3 1 P spectra of hydrated VPI-5 is still ambiguous. 
By measuring an 2 7A1-3 1P 2D-heteronuclear correlation spectrum it should be 
possible to obtain more certainty in the assignment of the 27A1 and 3 1 P spectra 
of hydrated VPI-5. In order to obtain a 2D-heteronuclear correlation spectrum, 
one has to be able to transfer magnetization between nuclei. In solid state NMR 
cross-polarization, which makes use of the heteronuclear dipolar coupling, is of­
ten used to transfer magnetization. In the case of : Η and 1 3 C correlation, cross-
polarization is easy to achieve although multiple pulse sequences have to be ap­
plied in order to obtain the desired resolution in the proton spectrum [22, 23, 24]. 
However, 27A1 and 3 1 P are both low-7 nuclei and it will therefore be more diffi­
cult to achieve cross-polarization between these nuclei. It is feasible though, as 
Fyfe et al. [25] have shown. When cross-polarizing between 27A1 and 3 1 P , one 
has to consider the effect that the Hartmann-Hahn match, ÙJ^F7P = ^FJAÌ is 
only valid when the 27A1 quadrupole interaction is small compared to the 27A1 
RF-field. If the quadrupole interaction is large compared to the 27A1 RF-field, 
the matching condition should be ШДР7Р = Зи^
р
ум. Furthermore, the RF-field 
strength on the quadrupolar nucleus and the spinning frequency should be such 
that the 27A1 magnetization is efficiently spin-locked [26, 27]. Another way to 
transfer magnetization is through the J-coupling which can thus also be used 
for measuring a 2D-heteronuclear correlation spectrum [28]. Unfortunately the 
scalar coupling is often too small to transfer magnetization within a reasonable 
time, since the T2 in solids is often short. A third way to transfer magnetization 
is with the Transferred-Echo Double-Resonance (TEDOR) [29] pulse sequence 
which uses the heteronuclear dipolar coupling for the coherent transfer of mag­
netization. TEDOR is a rotor-synchronized pulse sequence where averaging out 
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of the heteronuclear dipolar coupling is prevented by the application of π pulses 
at distinct positions of the rotor. The TEDOR pulse sequence can easily be 
incorporated into a 2D-heteronuclear correlation pulse sequence (see chapter 2). 
5.2 Experimental 
The TEDOR and the 2D-TEDOR experiment have been extensively discussed in 
the chapter 2. The difference of the pulse sequence used in this experiment, see 
figure 5.5, with the 2D-TEDOR experiment presented in chapter 2 is that the tj 
evolution time is not situated prior to the TEDOR pulse sequence but in between 
the two REDOR pulse sequences. All pulses are synchronized with the spinner 
frequency, 1/T
r
. Instead of applying a |-pulse to the I-spins and letting the 
magnetization evolve during tlt the magnetization is directly transferred into I 
spin anti-phase coherence, 2IXSZ, through a REDOR [30] pulse sequence. During 
the evolution period, the 2IXSZ coherence is allowed to evolve for a time ii under 
the spin Hamiltonian Ho{t). The remaining anti-phase magnetization is then 
stored as ±2IZSZ coherence and is converted to ±2IzSy anti-phase magnetization 
at the completion of a rotor period. A second REDOR pulse sequence is necessary 
to obtain observable S-spin magnetization, ± 5 X . This sequence will give the S-
spin FID modulated with the intensity of the I spin FID at t = i j . 
The VPI-5 sample was kindly provided by Shell Laboratories Amsterdam. The 
sample of VPI-5 was synthesized with tetrabutylammonium hydroxide as a tern-
X 
X 
У 
X 
X 
У 
χ 
AQ 
Т
г
- г -
0 n-2 
Figure 5.5: Pulse scheme used in the 2D-correlation experiment. The narrow blocks represent 
90 degree pulses, the wide ones 180 degree pulses. 
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plate After the template was removed by calcination, the sample was hydrated 
The 27A1-31P double resonance experiments were performed on a Bruker CXP-300 
NMR spectrometer A home-built, double resonant magic angle spinning probe 
was used The probe was tuned at 121 442 MHz for 31P and at 78 172 MHz 
for 27A1 The spinning speed of the Andrew type spinner was optically detected 
and was held constant within 1 Hz at 3332 Hz by using a home-built spinning 
speed controlling device 128 FID's were measured with a ¿i increment of 25 /xs 
For each subsequent experiment 10,000 scans were recorded, with a recycle delay 
of 0 25 s An aqueous solution of AICI3 and 85% H3PO4 were used as external 
references for 27A1 and 31P, respectively 
In the 2D-heteronuclear correlation experiment the magnetization was transferred 
from 27A1 to 31P In this way, the recycle delay was not limited by the long phos-
phorus Ti The preparation of the 27A1 anti-phase magnetization took two rotor 
periods (600 2 μβ) The magnetization was brought from the dipolar reservoir 
to the phosphorus two-spin-single-quantum coherence after 11 rotor periods and 
was subsequently transferred into observable magnetization by a second REDOR 
pulse sequence Time proportional phase incrementation (TPPI) was applied in 
order to obtain phase sensitive detection in the Fl-dimension 
5.3 Results 
Figure 5 6 shows the 2D-spectrum of VPI-5 with the 27A1 frequency along the 
Fl-axis and the 3 1 P frequency along the F2-axis One can see from figure 5 6 
that each phosphorus is connected to both tetrahedral aluminium and octa­
hedral aluminium At the left and right of the 31P-27A1(IV) cross-peaks the 
phosphorus spinning side bands can be seen The cross-peak intensities are dif­
ferent From the crystal structure, it can be derived that the three different 
phosphorus sites have a different surrounding of aluminium atoms, see table 5 1, 
PI (2411, A12, A13), P2 (All, 2A12, A13) and P3 (All, A12, 2A13) PI is the only 
phosphorus that is coordinated with two, instead of one, o< tahedral aluminium 
Figure 5 7 shows the summations of the phosphorus spectra in the tetrahedral 
and the octahedral region The assumption that the intensities of the cross-
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Figure 5.6: The 2D-hcteronuclear correlation spectrum of VPI-5. The Fl-dimension was 
multiplied with a phased sine bell squared prior to Fourier transformation. The projection of 
the aluminium spectrum is displayed on the left of the 2D-spectmm, the projection phosphorus 
spectrum at the top. 
peaks roughly reflect the number of aluminium atoms that is coordinated to a 
phosphorus atom is valid since all 27A1-31P dipolar couplings to the atoms in 
the second coordination sphere are of the order of 400 Hz and coupling between 
atoms further away are much smaller. Thus, compared to the transfer time which 
is 600.2 fis, the dipolar couplings are small and for all couplings, the magneti­
zation is still building up and not already decreasing. So one can deduce from 
figure 5.7 and table 5.1 that the 3 1 P peak at -33.6 ppm must be assigned to PI. 
Figure 5.6 also shows that the cross-peaks of the phosphorus lines at -23.3 ppm 
and at -27.5 ppm with the tetrahodral aluminium have different 27A1 chemical 
shifts, 38.3 ppm and 40.3 ppm respectively. From 27A1 DOR spectra at different 
field strengths [8], tetrahedral 27A1 shifts for the field strength of the spectrometer 
used in our experiments, could be derived and are 38 ppm and 41 ppm. Thus the 
line at 38.3 ppm corresponds to the 27A1 with the largest quadrupolar interac-
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Table 5.1: Second coordination sphere aluminium and phosphorus connectivities (through 
oxygen) in hydrated VPI-5 as derived from the crystal structure. 
All (VI) 
A12 (IV) 
A13 (IV) 
PI 
2 
1 
1 
P2 
1 
2 
1 
P3 
1 
1 
2 
tion. This is further substantiated by the larger line width in the Fl-dimension. 
According to the Grobet assignment the 38 ppm line is due to A12 but according 
to the Engelhardt assignment due to A13. Bearing in mind that the P2 cross-
peak with tetrahedral aluminium arises from the dipolar coupling to 2 A12 and 1 
A13, and the P3 cross-peak from coupling to 1 A12 and 2 A13, we now have two 
Al(IV) 
Al(VI) 
I I I I I I ι — Γ -
- j—ι—ι—ι—ι—ρ 
50 25 0 -25 -50 
chemical shift (ppm) 
-75 
Figure 5.7: The summation of phosphorus spectra from the 2D-spectrum through the tetra­
hedral aluminium region (top spectrum, Al(IV)) and through the octahedral aluminium region 
(bottom spectrum Al(VI)). 
Solid State Double Resonance NMR 
5 4 CONCLUSIONS 85 
Table 5.2: The assignment of the aluminium and phosphorus resonances to the crystallo-
graphic sites in the ¡attire. The capital G indicates the assignment of the 27A1 spectrum by 
Grobet, E the assignment by Engelhardt. There are two possibilities for the assignment of 
the phosphorus spectrum depending on either the Grobet assignment (G) or the Engelhardt 
assignment (E). 
Peak 
A1A 
A1B 
Al c 
Viso 
(ppm) 
43.6 
41.6 
-10.4 
δ (B=7.05 T) 
(ppm) 
37.5 
40.3 
-24.7 
Crystallographic site 
All 
G,E 
A12 
G 
E 
A13 
E 
G 
Peak 
Р
л 
рв 
pc 
OlSO 
(ppm) 
-23.3 
-27.5 
-33.6 
Crystallographic site 
PI 
G,E 
P2 
G 
E 
P3 
E 
G 
possibilities. If the Grobet assignment for A12 and A13 is correct, then our 2D-
spectrum shows that P2 resonates at -23.3 ppm and P3 at -27.5 ppm. When, on 
the contrary, the Engelhardt assignment for the tetrahedral 27A1 lines is correct, 
this must be reversed, see table 5.2. 
5.4 Conclusions 
The 2-dimensional heteronuclear correlation experiment was successfully applied 
to hydrated VPI-5. The 2D 2 7A1- 3 1P correlation spectrum allows the resonance 
P c to be assigned to the crystallographic site P I , which is the site shared by the 
four-membered rings. Although the relation between the aluminium resonances 
A1A and A1B and the phosphorus resonances P A and P B has become clear, the 
two phosphorus resonances can not be assigned, since the assignment of the 
phosphorus spectrum relies on the assignment of the aluminium spectrum. 
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The 2D-heteronuclear correlation experiment has been useful in ruling out several 
alternative assignments of the phosphorus spectrum of hydrated VPI-5. The 2D-
TEDOR experiment is a convenient way to measure a 2D-correlation spectrum, 
especially when cross-polarization proves to be difficult. The resolution of a 2D-
correlation experiment involving quadrupolar nuclei would be greatly improved 
if it could be combined with the double rotation technique. However, the time 
dependence of the dipolar interaction would become more complicated and rotor 
synchronization would be harder to achieve since detection of the inner rotor 
frequency is by no means trivial. Furthermore, the need to spin stable for longer 
times can not be fulfilled yet for existing DOR probes. 
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Chapter 6 
A Solid State Double Resonance NMR 
Investigation of Phosphorus Impregnated 
7-AI2O3. 
Abstract 
Solid state double resonance NMR experiments have been applied to phosphorus 
impregnated 7-AI2O3 and amorphous AIPO4 in order to investigate the interac-
tion between the impregnated phosphorus and the 7-AI2O3 surface. The 31P-27A1 
REDOR and TRAPDOR experiments have shown that most phosphorus is in 
close contact with aluminium, thereby excluding the possibility that a layer of 
phosphates is formed when more phosphorus is impregnated than is necessary 
to cover the entire 7-AI2O3 surface. The 27A1-31P experiments enabled the 27A1 
spectrum of the aluminium atoms that interact with phosphorus to be separated 
from the spectrum of the bulk 7-AI2O3. It could be concluded that these dou-
ble resonance experiments have been able to show that indeed a layer of AIPO4 
is formed on the 7-AI2O3 surface and that the structure of this layer, although 
somewhat similar, is better defined than that of amorphous AIPO4. 
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6.1 Introduction 
The removal of sulphur, nitrogen, oxygen and metals from oil fractions in so-called 
hydrotreating processes is of great importance. The removal results in increased 
storage stability, improved smoke point and octane number and reduces vehicle 
emissions, which is beneficial for the environment. Typical catalysts used for 
hydrotreating purposes are mixtures of transition metal compounds dispersed 
on 7-alumina. The metals are normally molybdenum or tungsten promoted by 
nickel or cobalt. Many commercial hydrotreating catalysts also contain so-called 
modifier elements such as phosphorus. Phosphorus is said to enhance the sol-
ubility and stability of molybdate in the impregnation solution and to improve 
the mechanical and thermal stability of the support. In addition, effect of the 
phosphorus on the activity for hydrodesulfurization (HDS) or hydrodenitrogena-
tion (HDN) has been observed [1]. But until now not much is known about the 
nature of the compounds, which originate after the impregnation of the alumina 
with phosphorus. Most of the work dedicated to phosphorus containing catalysts 
is concerned with the phosphorus induced changes of structural and catalytic 
properties of the active phases [2, 3, 4, 5]. Some authors observe the existence 
of AIPO4 compounds after impregnation of alumina with phosphate solutions, 
especially at high loading (> 4 wt % P) and when using phosphoric acid as phos-
phorus source [6, 7, 8, 9, 10, 11]. At lower loadings the situation is less clear. It 
is assumed that mono- and polyphosphates originate, which give rise to broad 
featureless 31P MAS NMR lines [10]. The exact type of interaction of these com-
pounds with the alumina surface is still unclear [11]. Furthermore, it is difficult 
to obtain information about the dispersion of these phases. 
In order to investigate the nature of the compound that is formed after impregna-
tion of the alumina with phosphorus, it would be very useful to be able to separate 
the 27 Al NMR spectra of the aluminium coordinated to phosphorus from the 27A1 
spectrum of the bulk 7-AI2O3 and to investigate the interaction between phos-
phorus and aluminium. Recently developed solid state NMR techniques such 
as Rotational-Echo Double-Resonance (REDOR) [12, 13] and Transfer of Pop-
ulations in Double Resonance NMR (TRAPDOR) [14, 15] are able to provide 
information about phosphorus-aluminium interactions. These solid state NMR 
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techniques combine magic angle spinning (MAS) with a rotor-synchronized pulse 
sequence. In these experiments, the echo spectrum is compared with the RE-
DOR/TRAPDOR spectrum. The application of RF-pulses on one nucleus (S) 
will effect the signal intensity of the other nucleus (I) through the heteronuclear 
(I-S) dipolar coupling. The difference between the spectra gives the spectrum 
of the I spins that are close to the S spins. If the nuclei under study are close 
to each other (< ± 5 Â), there will be a decrease in echo intensity, if they 
are far away from each other, no effect on the echo intensity will be observed. 
The REDOR technique can not only be used to establish connectivities between 
nuclei but also to determine the distance between them. For instance 13C-15N 
distances have been determined in biological solids [16, 17, 18]. The TRAP-
DOR technique has been applied to establish connectivities in aluminophosphate 
molecular sieves and zeolites [14,19] and in nylon[15]. In this chapter the applica-
tion of aluminium-phosphorus double resonance NMR techniques to investigate 
phosphorus impregnated 7-AI2O3 is described. 
6.2 Experimental 
Samples: The catalyst precursors were prepared by pore volume impregnation 
of 7-AI2O3 support (Condea, 230 m2/g) with aqueous solutions of (NH4)H2PO,j. 
The catalysts were slowly heated to 110 °C (383 K) and dried for 12 hours in 
ambient air, the samples were not calcined. They are designated as Р(х)/7-АЬОз, 
where χ is the amount of phosphorus in wt%/g catalyst. Amorphous AIPO4 
was prepared according to the method of Kehl [20, 21]. The amorphous AIPO4 
was dried and calcined, a XRD measurement (Siemens Diffractometer D5000) 
confirmed that the sample was indeed amorphous. 
NMR: All experiments were performed on a Bruker CXP-300. A double reso­
nance MAS NMR probe was built, which is resonant for 27A1, at 78.172 MHz, 
and for 3 1 P , at 121.442 MHz. RF-field strengths of 65 kHz were achieved for alu­
minium and phosphorus, with power inputs of 250 W and 420 W, respectively. A 
standard Bruker 7 mm stator with zirconia rotors was used, which reaches spin­
ning speeds of 5.5 kHz. Chemical shifts are referenced to external А1(НгО)3+ in 
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an aqueous solution of AICI3 for 2/Al (0 ppm) and to 85% H3PO4 for 3 1 P (0 ppm). 
Aluminium and phosphorus Ti values, measured for AIPO4 and P(10)/7-Al2O3, 
were: for aluminium, 0.05 s and 0.1 s and for phosphorus 13 s and 12 s for AIPO4 
and P(10)/7-Al2O3, respectively. The Ti values were measured using a satura­
tion recovery pulse sequence. Relaxation delays were set at 0.5 s for aluminium 
and 64 s for phosphorus. In the 27A1 single pulse experiments 512 FID's were 
coadded. In the 3 1 P single pulse experiments the number of scans was increased 
as the amount of phosphorus decreased. Unfortunately, spinning speeds were 
insufficient to cancel the spinning side bands. 
R E D O R Experiments: The REDOR experiment [12,13] is a rotor-synchronized 
solid state NMR double resonance experiment where on one nucleus an echo se­
quence is applied and observed, while on the other nucleus π-pulses are applied at 
specific positions of the rotor. The REDOR experiment is extensively discussed 
in chapter 2. The difference between the REDOR experiment and a normal spin 
echo experiment depends on the duration of the echo period and the strength of 
the heteronuclear dipolar coupling between the nuclei under investigation. The 
REDOR pulse sequence is shown in figure 6.1. Because the dipolar coupling 
becomes time dependent and averages to zero over one rotor period when the 
sample is rotated around the magic angle, the heteronuclear dipolar coupling has 
no effect in a normal rotor-synchronized echo experiment. To reintroduce the 
effect of the dipolar coupling, 7r-pulses are applied to the other nucleus which 
reverse the sign of the dipolar coupling. The dipolar coupling is no longer aver­
aged to zero over one rotor period and the echo will be attenuated. The signal 
intensity is described by: 
2 π 7г 
Я
2\/2ЛГ Τ D 
c o s ( — c T sin Ißsin a) sin ßdßda (6.1) 
о 0 
Where N
c
 (the number of rotor periods) times TT (the rotor period) is the total 
echo time and D (= jns^1/7"3) is the dipolar coupling constant. The angles a 
and β orient the dipolar vector with respect to the magnetic field and averaging 
over these angles has to be done when the REDOR experiment is applied to 
powders. In general, the closer the nuclei are to each other, the stronger the 
dipolar coupling and the stronger the echo attenuation will be. Also, the more 
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Figure 6 1 The REDOR pulse sequence, wide blocks indicate π-pulses, the small block the 
\-pulse The I spin magnetization is observed The REDOR sequence displayed here is a 2,2 
REDOR pulse sequence 
time the dipolar coupling is allowed to act upon the spins, the more the echo 
will be affected Thus the REDOR experiment enables us to observe the 3 1 P 
spectrum of the phosphorus atoms that are in contact with aluminium atoms 
and, vice versa, the 27A1 spectrum of the aluminium atoms that are near to 
phosphorus Through these "contact"-spectra something can be said about the 
environment of the phosphorus and aluminium atoms 
The 3 1P- 2 7A1 REDOR experiments (ι e where phosphorus is measured) were 
measured at a spinning speed of 5515 ± 1 Hz REDOR experiments with two 
rotor periods, i e 1,1-REDOR and with four rotor periods, 2,2-REDOR, were 
performed REDOR experiments with more rotor periods were not carried out 
since the short phosphorus T2 greatly reduced signal intensities and the long 
phosphorus Ti prevents short recycle delays The number of scans varied from 128 
for AIPO4 to 640 for P(2)/7-Al 20 3 As 27A1 is a quadrupolar spin, the REDOR 
experiment will not be as effective compared to a spin | since the dephasing π-
pulses on the aluminium spins will interchange mainly the < 1/2, —1/2 > levels, 
whereas the other quadrupolc levels will remain relatively unperturbed 
The 2 7A1- J 1P REDOR experiments were also measured at a spinning speed of 5515 
± 1 Hz Three REDOR experiments were performed, 1,1-, 2,2-, and 4,4-REDOR. 
The aluminium T2 and a short recycle delay permitted the longer echo time to 
be used and thus enables the dipolar coupling to enhance the REDOR effect 
The number of scans ranged from 6144 for AIPO4 to 137216 for P(2)/7-Al 2 0 3 
The difference in echo intensities is expected to be the greatest in AIPO4 and the 
smallest in P(2)/7-Al 2 0 3 With only 2 wt% phosphorus and assuming a l l ratio 
in phosphorus-aluminium contacts, about 3% of the aluminium atoms would be 
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effected by the REDOR pulse sequence. In contrast to 31P-27A1 REDOR, the 
dephasing π-pulses are applied to phosphorus and all the phosphorus spins will 
be flipped by the π-pulses. 
TRAPDOR Experiments: The TRAPDOR experiment [14, 15] is based on 
the same principle as the REDOR experiment, as the value of the dipolar cou­
pling is changed during the echo but, instead of applying 7r-pulscs, the spins 
are irradiated continuously, the pulse sequence is displayed in figure 6.2. In or­
der for the TRAPDOR experiment to work the irradiated nucleus has to be a 
quadrupolar nucleus. Due to the spinning of the sample not only the z-component 
of the dipolar coupling becomes time-dependent but also the quadrupolar cou­
pling. As the sample is spun, and the RF-field is applied, level crossings in the 
rotating frame representation can occur between the different spin levels of the 
quadrupole nucleus. The state of the spins will change upon level crossing, and 
therefore the dipolar coupling to the other nucleus changes [15]. A more detailed 
description of the behaviour of quadrupolar spins with magic angle spinning and 
continuous irradiation has been given by Vega [22, 23]. The effectiveness of this 
process depends on the adiabaticity of the level crossings, which will increase as 
the RF-field strength increases, or the spinning speed and/or quadrupole interac­
tion decreases. Keeping the RF-ficld strength and the spinning speed constant, 
the TRAPDOR effect will increase as the echo time and the dipolar coupling 
increases, just as in the REDOR experiment. 
The TRAPDOR experiment is expected to be more effective than the REDOR 
experiment when the second nucleus is a quadrupole nucleus since now not only 
the < 1/2, -1/2 > levels are perturbed, but also other quadrupole levels. Very 
strong quadrupole interactions make the level crossings sudden and, due to lim­
itations in RF-field strengths, are no longer adiabatic. Very small quadrupole 
coupling render the process highly adiabatic, but the quadrupole starts behaving 
as a spin \ and is merely decoupled from the other nucleus. In such a case, a 
REDOR experiment will work much better. For aluminium, in general one has 
not to worry about these extreme cases since most quadrupole interactions fall 
in the range where the TRAPDOR experiment is effective. Furthermore, if the 
level crossings are perfectly adiabatic, irradiating the quadrupolar spins during 
the complete echo period would lead to complete refocusing of the echo, however, 
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F igure 6 2 The TRAPDOR pulse sequence, wide block and the narrow block indicate а 7Г-
puJscs and a | pulse, respectively The I spin magnetization is observed, while the quadrupolar 
S spin is irradiated continuously The TRAPDOR sequence displayed here ¡s a 2,2 TRAPDOR 
pulse sequence 
the level crossings are almost never perfectly adiabatic 
The 31P-27A1 TRAPDOR experiments were measured at a spinning speed of 
5515 ±1 Hz, with in total two and four rotor periods The RF-field strength was 
65 kHz The RF-field was applied during the entire echo period but switched of 
during the refocusing π-pulse on phosphorus and prior to acquisition Irradiating 
the entire echo period resulted in the highest difference intensity Difference spec­
tra will again give the spectra of phosphorus atoms with aluminium neighbours 
6.3 Results and Discussion 
Single Pulse Experiments: The 2 741 single pulse spectra of amorphous AIPO4, 
phosphorus impregnated 7-AI2O3 and 7-AI2O3 are displayed in hgure 6 3 All 
27Al spectra show resonances for tctrahedral and octahedral aluminium atoms 
The tetrahedral and octahedral resonances for 7-AI2O3 are located at 67 8 ppm 
and at 5 9 ppm, respectively The tetrahedral and octahedral resonances for 
amorphous AIPO4 are located at 37 0 ppm and at -13 3 ppm The shoulder at 
11 ppm in the spectrum for amorphous A.IPO4 could be a part of the quadrupole 
pattern of tetrahedral resonance but it is also possible that this is due to five-
coordinated aluminium with phosphorus as next nearest neighbours, or from 
octahedral aluminium without phosphorus coupled to it 27A1 spectra obtained 
Solid State Double Resonance NMR 
98 CHAPTER 6: DOUBLE RESONANCE NMR ON PHOSPHORUS IMPREGNATED 7 - A L 2 0 ; 
r-Al203 
Amorphous 
300 200 100 0 -100 
chemical shift (ppm) 
-200 -300 
Figure 6.3: The aluminium singlo pulse MAS spectra, of 7-AJ2O3, phosphorus impregnated 
"/-Ah O3 and amorphous AÍPO4. 
at higher Bo field strengths have shown that the line at 11 ppm is not a part of the 
tetrahedral line. In order to decide between the remaining possibilities 27A1-31P 
REDOR experiments are performed. The spectrum of the Р(10)/7-АІ2Оз sample 
shows not only the 7-AI2O3 resonances but also a peak at 42.6 ppm and a shoulder 
at -6 ppm emerge. These peaks also deform the spectrum of Р(6)/7-АЬОз with 
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respect to the spectrum of pure 7-AI2O3. The shifts for these peaks fall in the 
same range as the tetrahedrally and octahedrally coordinated aluminium peaks in 
AIPO4. The spectrum of Р(2)/7-А120з is quite similar to the spectrum of pure 
7-Al 20 3. The fact that the
 27A1 spectra of P(10)/7-Al2O3 and P(6)/7-Al 2 0 3 
are different from the spectrum of pure 7-AI2O3 indicates that the impregnated 
phosphorus interacts with the 7-AI2O3. Based on the shifts of the поп-7-А12Оз 
peaks one can derive that the compound formed by phosphorus impregnation is 
probably an amorphous AIPO4 phase. For the Р(2)/7-А120з sample no significant 
change in the 27A1 spectrum is observed but since the phosphorus loading is 
only 2 wt% no conclusions can be drawn whether the impregnated phosphorus 
interacts with the 7-Al 20 3 or not. 
Figure 6.4 gives the 3 I P single pulse spectra of phosphorus impregnated 7-AI2O3 
and amorphous AIPO4. All phosphorus spectra show a single broad line. The 
spectrum of AIPO4 is asymmetric with a tail to higher ppm values, its maximum 
value is located at -25.0 ppm. The peak position shifts downfield with lower 
phosphorus loading. The isotropic shift for Р(10)/7-А12Оз is -13.3 ppm, -11.7 
for P(6)/7-Al 2 0 3 and -9.7 ppm for P(2)/7-Al 2 0 3 . At first glance the phospho­
rus spectra rule out the possibility that a kind of amorphous AIPO4 phase is 
formed upon phosphorus impregnation. However, if an amorphous AIPO4 phase 
is formed, it will be on the 7-AI2O3 surface, which can give rise to phosphorus 
shifts different from the shift found for the amorphous AIPO4 sample. For low 
loadings, a mono-layer of phosphorus on the alumina surface will be formed and 
the phosphorus atoms at the surface would form phosporushydroxyl groups. Note 
also that in the 3 1 P spectrum of amorphous AIPO4 the long tail encompasses the 
range in which the P(x)/7-Al 2 0 3 phosphorus resonances lie. Furthermore, as 
the amount of impregnated phosphorus increases, the 3 I P shifts move toward the 
AIPO4 peak maximum. This could mean that, assuming that the layer thickness 
of the amorphous AIPO4 phase increases, the phosphorus environment becomes 
more similar to that of AIPO4. Another possibility could be that the majority of 
the impregnated phosphorus is not interacting with the 7-AI2O3 at all. In order 
to learn more about the interaction between phosphorus and aluminium REDOR 
and TRAPDOR experiments were performed. 
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Figure 6 4 The phosphorus single pulse spectra, of phosphorus impregnated η-ΑΙ^Ο-ϊ and 
amorphous AlPOi 
3ip_27 A 1 R E D O R and T R A P D O R Experiments The echo spectra and the 
REDOR and TRAPDOR difference spectra for four rotor periods of all phospho­
rus containing compounds are displayed in figure 6 5 The difference spectra are 
the spectra of phosphorus that are in close contact with aluminium The shifts 
of the phosphorus resonances of the difference spectra are the same as the shifts 
found in the echo spectra The line shapes of the echo spectra and difference 
spectra are the same We can therefore conclude that most phosphorus atoms 
are coordinated to aluminium (and that impregnation was successful) An inter­
esting observation is that the intensity of the difference spectra is much higher for 
the TRAPDOR experiment than for the REDOR experiment This confirms our 
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Figure 6.5: 2,2-REDOR and 2,2-TRAPDOR 31P-27A1 spectra of the samples. The REDOR 
spectra are displayed on the Jeft, the TRAPDOR on the right. For each sample and experiment 
the original 2,2-echo spectrum is the upper spectrum and the difference (contact) spectrum 
the lower one The REDOR difference spectra are eniarged five times, while the TRAPDOR 
difference spectra are enlarged two times. 
expectation that the TRAPDOR experiment is more efficient than the REDOR 
experiment in this case. 
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Figure 6 6 The intensity AS/So of the 3 1 P difference spectra relative to the echo intensity, 
as a function of the echo tunc The data points at t = 0 are not measured but ¿сто by definition 
Figure 6 6 shows the relative intensity of the différence spectra AS/So, the RE-
DOR and TRAPDOR fraction, as a function of the echo time The difference 
is the largest for the amorphous AIPO4 sample, smaller for Р(10)/7-АІ2О3 and 
P(6)/7-Al 2 0 3 and the smallest for P(2)/7-Al 20j The general trend is that the 
difference increaseb as the echo time increases This effect is best observed in the 
TRAPDOR spectra since the difference intensities are higher For relatively short 
echo times, in comparison to the timescale of the dipolar coupling, the difference 
intensity will increase as the dipolar coupling increases In general, Al-O-P dis­
tances he in the range of 3 Â, resulting m dipolar 27A1-31P dipolar couplings of 
about 400 to 500 Hz One could conclude that the difference in intensity be-
tween the AIPO4 sample and the P(x)/7-Al203 samples is caused by a shorter 
Al-P distance This is unlikely since Al-P distances in aluminophosphates do not 
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vary that much A more plausible explanation is that the number of aluminium 
atoms that coordinate to phosphorus is, on average, larger for amorphous AIPO4 
than for the Р(х)/7-А120з samples This seems especially true for the P(2)/7-
4I2O3 sample where the phosphorus coverage is low and the layer thickness of the 
AIPO4 phase would be the smallest The surface phosphorus can be expected to 
be coordinated to less aluminium atoms than phosphorus atoms inside a layer of 
AIPO4 The general trend that the relative difference intensity decreases with a 
decreasing amount of impregnated phosphorus can be seen as a relative increase 
m the amount of phosphorus located in surface sites 
27
ΑΙ-
31
 Ρ REDOR Experiments Figure 6 7 displays the echo and the REDOR 
difference spectra of the 4,4-expenments In these experiments the difference 
in signal intensity is the largest The 27A1-31P REDOR difference spectra show 
clearly the spectra of the aluminium atoms that are coordinated to phosphorus 
atoms The AIPO4 spectra show that both tetrahedral and octahedral aluminium, 
located at 36 7 ppm and -13 2 ppm, respectively, are in contact with phospho­
rus atoms The shoulder at 11 ppm is also in contact with phosphorus and can 
therefore be tentatively assigned to five-coordinated aluminium with phosphorus 
as next nearest neighbours The difference spectrum of Р(10)/7-А12Оз shows a 
spectrum similar to that of AIPO4 but with relatively more intense octahedral 
aluminium resonance than tetrahedral aluminium resonance The lesonances 
are located at -10 7 ppm and at 40 5 ppm for octahedral and tetrahedral alu­
minium, respectively In the Р(6)/7-А120з difference spectrum the resonance of 
six-coordinated aluminium in contact with phosphorus is even more intense The 
tetrahedral peak is located at 40 5 ppm while the octahedral peak is at -8 3 ppm 
In the Р(2)/7-АЬОз difference spectrum the positions are 39 2 ppm and -6 4 ppm 
for tetrahedral and octahedral aluminium, respectively Here, the contribution of 
octahedral aluminium to the spectrum is the largest The relative intensities of 
the octahedral and tetrahedral are the most similar to the intensities of the amor­
phous AIPO4 difference spectra for P(10)/7-Al2O3 For P(2)/7-Al203 the relative 
intensities are more like those in the 7-AI2O3 27A1 spectra, although the shifts dif­
fer significantly from the 7-AI2O3 shifts The peak positions of the P(x)/7-Al203 
difference spectra are quite similar to the peak positions in the AIPO4 spectrum 
and it seems therefore likely that aluminium and phosphorus form an amorphous 
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Figure 6.7: The 4,4-REDOR27 ΑΙ-31 Ρ spectra of the samples. The full echo spectrum for eacli 
sample is the upper spectrum, the difference (contact) spectrum is the lower one. The REDOR 
difference spectra are enlarged for the phosphorus substituted samples by a factor indicated at 
the left of each spectrum. 
AIPO4 p h a s e t h a t is possibly similar t o the synthesized a m o r p h o u s AIPO4. 
Figure 6.8 displays t h e R E D O R difference as a fraction of t h e echo difference a n d 
t h e full echo intensity. It can be seen t h a t when t h e p h o s p h o r u s t o a l u m i n i u m 
ra t io becomes smaller, t h e relative intensity of t h e a l u m i n i u m difference s p e c t r a 
decreases wi th respect t o t h e full echo spectra. T h i s follows natura l ly from t h e 
fact t h a t t h e m a x i m u m n u m b e r of a luminium a t o m s t h a t can have a phospho-
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Figure 6.8: The intensity AS/So of the 27Л1 REDOR difference spectra, relative to the echo 
intensity, as a function of the echo time. The data points at t — 0 are not measured but zero 
by definition. 
rus atom in its vicinity decreases. The intensity of the 27A1 difference spectra 
weighed with the amount of phosphorus that is impregnated, of Р(10)/7-АІ2Оз, 
P(6)/7-Al203, and P(2)/7-Al203, i.e. dividing the intensities by 10, 6, and 2, 
respectively, are the same within error limits. The weighed difference intensity 
for the Р(2)/7-А1гОз sample is less than that of the other samples, but since the 
signal to noise ratio is also less than that of the P(10)/7-Al2O3 and the P(6)/7-
AI2O3 samples the error in the weighed difference intensity has to be taken larger. 
For convenience, the shifts of the resonances found in the 2 7 Al single pulse spectra 
of 7-AI2O3 and amorphous AIPO4 and the REDOR difference spectra of the 
P(x)/7-Al203 samples as well as the 3 1 P shifts of the single pulse spectra of all 
phosphorus containing samples are listed in table 6.1. 
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Table 6.1: Peak positions of the resonances in the aluminium and phosphorus spectra of the 
samples under study. The 21Al shifts of the P(x)/f-Al2 O3 samples are the shifts of the REDOR 
difference spectra. Note that the assignment of the AIPO4 resonance at 11 ppm to A1(V) is 
still tentative. 
Sample 
AIPO4 
P(10)/7-Al2O3 
Р(6)/7-А120з 
Р(2)/7-А120з 
7-Al203 
δ
 27
Α1 (Β=7.05 Τ) (ppm) 
Al(IV) 
37.0 
40.5 
40.5 
39.2 
67.8 
A1(V) 
11 
Al(VI) 
-13.3 
-10.7 
-8.3 
-6.4 
5.9 
á J 1 P 
-25.0 
-13.3 
-11.7 
-9.7 
6.4 General Discussion and Conclusions 
The impregnation of phosphorus onto 7-Al203 can lead to several different results. 
(I): The impregnation is not successful and the phosphorus will form phosphate 
particles. In this case, phosphorus does not interact with 7-А120з at all. This is 
not likely since the 27A1 spectra of the impregnated compounds show an effect of 
impregnation. The 31P-27A1 REDOR and TRAPDOR and results clearly show 
that phosphorus is in close contact with aluminium. Furthermore, the 27A1-3IP 
REDOR difference fractions show that the more phosphorus is impregnated, the 
more aluminium atoms are affected by phosphorus. This automatically discounts 
the second possibility. (II): The phosphorus atoms will form a layer of stacked 
phosphates upon the 7-А120з surface. If this were true, the amount of aluminium 
that would be affected by phosphorus would increase until the whole surface is 
covered and than remain approximately constant. Although one could argue that 
a layer of stacked phosphates on the 7-AI2O3 surface would increase the dephas-
ing effect of the REDOR experiment, this effect would be much smaller than is 
observed since the further away nuclei are from each other, the smaller the dipo­
lar coupling between them and the smaller the dephasing effect on the echo will 
be. In the P(6)/7-Al203 and P(10)/7-Al2O3 samples the amount of phosphorus 
is larger than is necessary to form a mono-layer on the 7-AI2O3 surface. Still, 
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the amount of aluminium atoms that is affected by phosphorus increases with a 
factor of 10/6, which is equal to the increase in the amount of phosphorus that 
is impregnated The same conclusion can be reached from the 31P-27A1 REDOR 
and TRAPDOR results With increasing phosphorus loadings the REDOR and 
TRAPDOR fractions would decrease since amount of phosphorus m the vicinity 
of aluminium relative to the total amount of phosphorus would decrease This is 
clearly not the case and we can discard the second possibility (III) A layer of 
ΛΙΡΟ4 forms on the 7-AI2O3 surface which will grow thicker with an increasing 
amount of impregnated phosphorus The REDOR and TRAPDOR data prove 
that phosphorus and aluminium atoms are indeed in each other's vicinity And, 
since the hneshape of the 31P-27A1 REDOR and TRAPDOR difference spectra did 
not alter, all phosphorus atoms are expected to be in contact with aluminium 
Furthermore, the 27A1 difference spectra of especially the Р(10)/7-А12Оз and 
the Р(6)/7-А1гОз samples are quite similar to the 27A1 spectrum of amorphous 
AIPO4 The fact that at high phosphorus loadings the intensity of the 27A1 dif­
ference spectra still increases, as was discussed for the second possibility, strongly 
suggests that a layer of AIPO4 covers the 7-AI2O3 surface, and that this layer 
becomes thicker as phosphorus loadings increase 
The approximate layer thickness of the AIPO4 phase can be calculated based 
on the surface area of 7-AI2O3, (230m2/g), and the molar mass and density of 
AIPO4, 121 95g/mol and 2 56 g/cm3, respectively These simple calculations give 
fairly reasonable results The layer thicknesses are 1 3 Â for Р(2)/7-АЬОз, 4 0 4. 
for P(6)/7-Al203 and 6 7 A for P(10)/7-Al2O3 The phosphorus shifts of the 
Р(х)/7-А120з samples are different from the shift of the amorphous AIPO4 res­
onance This indicates that the AIPO4 layer has a different structure than the 
amorphous AIPO4 However, it can be expected that an AIPO4 layer on the sur­
face of 7-AI2O3 has a different structure from the amorphous AIPO4 bulk The 
phosphorus atoms at the surface will probably have reacted with the aluminium 
atoms at the surface and foim phosphates with one or more phosphorus hydrox­
ys The existence of P-OH groups would also account for the difference in 3 1 P 
shifts between amorphous AIPO4 and the Р(х)/7-А120з samples With higher 
loadings the layer thickness increases and more aluminium atoms are influenced 
by phosphorus It is then possible for the first layers of aluminium atoms at 
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the 7-AI2O3 surface to react with the phosphorus to form an amorphous AIPO4 
layer. The fact that the 3 1 P shifts of the Р(х)/7-А120з samples change toward 
the value for amorphous AIPO4 with higher loadings can be explained by the 
fact that the phosphorus atoms inside the layer will have an environment that 
becomes more similar to the environment of phosphorus in AIPO4 with increasing 
layer thickness. 
The aluminium difference spectra have both octahedral and tetrahedral reso­
nances with shifts that are close to the shifts of the amorphous AIPO4 sample. 
The higher the phosphorus loading, the more the octahedral aluminium resonance 
shifts to the value of the amorphous AIPO4 octahedral resonance. It is also clear 
that the relative intensity of the octahedral resonance decreases as the amount of 
phosphorus that is impregnated increases. The intensities could reflect the actual 
number of different aluminium atoms that are coordinated to phosphorus when 
one surface aluminium atom coordinates to one phosphorus. It is also possible 
that the octahedral aluminium atoms at the surface coordinate to two or more 
phosphorus atoms while the tetrahedral aluminium atoms at the surface coordi­
nate to one phosphorus. This would also give rise to an increased intensity of the 
octahedral aluminium resonance since the average dipolar coupling to phospho­
rus is larger which increases the effect of the REDOR experiment. However, IR 
investigations of the surfaces of aluminas [24] have revealed five types of hydroxyl 
groups, none of them having two or more hydroxyls coordinated to aluminium. 
Thus it seems reasonable to consider the intensity of the resonances as a rough 
measure of the amount of aluminium atoms coordinated to phosphorus. The rela­
tive intensities must be weighed with the T2 of the respective resonances but since 
the Тг'в of the octahedral and tetrahedral resonance do not differ very much this 
is of no consequence to the relative intensities. For the Р(2)/7-А120з sample the 
ratio of octahedral to tetrahedral resonance of aluminium that is coordinated to 
phosphorus is similar to that of 7-AI2O3. As less phosphorus is impregnated than 
is needed for a mono-layer, the phosphorus reacts with the 7-AI2O3 surface and 
the ratio of octahedral and tetrahedral aluminium reflects the relative number 
of total surface sites of 7-AI2O3. When the amount of phosphorus is increased, 
a layer of AIPO4 is formed in which the relative occurrence of tetrahedral and 
octahedral aluminium sites becomes more similar to the relative occurrence of 
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these sites in the amorphous AIPO4 sample. The 27A1 linewidths of the differ­
ence spectrum of the Р(Ю)/7-А120з and the Р(6)/7-А120з sample are notably 
smaller than of the amorphous AIPO4 sample. Furthermore, the broad shoulder 
at 11 ppm which is present in the spectrum of the amorphous AIPO4 sample is 
less pronounced for the Р(10)/7-А12Оз and P(6)/7-Al203 samples. This indi­
cates that the AIPO4 layer on the 7-А120з surface is not as amorphous as the 
amorphous AIPO4 sample and probably has a different structure. The reason for 
this could be that the 7-А120з surface acts as a template for the formation of 
the AIPO4 layer which forces the AIPO4 phase to have a better defined structure 
as the amorphous AIPO4. The idea that the structure of the AIPO4 layer is 
better defined than the amorphous AIPO4 structure is strengthened by the fact 
that the lineshape of the 3 1 P spectra of the P(10)/7-Al2O3 and the P(6)/7-Al203 
samples are symmetric while the lineshape of the amorphous AIPO4 sample is 
asymmetric. 
It has been observed that in the 'i7 Al spectra of aluminas not all aluminium atoms 
are observed [25]. This raises the question whether we observe all the aluminium 
atoms that are in contact with phosphorus in the 27A1-31P REDOR spectra. Hug-
gins et al. [26] have shown the amount of so-called invisible aluminium that is 
present in aluminas decreases as the temperature is lowered. They concluded 
that the reason that a part of the aluminium atoms is not observed stems from 
dynamic processes of protons which migrate on the surface and provides an ef­
ficient quadrupolar relaxation mechanism. When phosphorus is impregnated on 
the 7-Al203 surface it will react with the surface aluminium hydroxyls and Lewis 
sites. The aluminium atom that is now coordinated with phosphorus is now no 
longer available for proton migration. Thus the relaxation mechanism for this 
aluminium atom is disabled and the aluminium becomes "visible". As soon as 
the whole surface is covered with a mono-layer of phosphorus there are no more 
aluminium sites available for proton migration. It is therefore likely that all the 
aluminium that is in contact with phosphorus is observed. 
The double resonance techniques have provided valuable information about the 
phosphorus impregnation of 7-Al203. Upon impregnation of 7-AI2O3 with phos­
phorus the surface of 7-AI2O3 will be partially covered with a mono-layer of 
phosphates at lower loadings. When the amount of phosphorus increases the 
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impregnation results in a layer of AIPO4 on the 7-AI2O3 surface. The structure 
of the AIPO4 layer seems to better defined than the structure of the amorphous 
AIPO4 sample. The double resonance solid state NMR experiments have shown 
to be suitable to distinguish surface phases from the bulk phase of the catalyst 
support. These experiments are therefore very useful to study the interaction of 
catalyst supports with the active phases. 
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Chapter 7 
РггЭпгОт and Sm2Sn207 as High-Temperature 
Shift Thermometers in Variable-Temperature 
1 1 9Sn MAS N M R 
Abstract 
Several NMR shift thermometers have been developed in order to determine the 
exact sample temperature at elevated temperatures in MAS NMR. The probe 
was initially calibrated for different temperatures and bearing pressures using 
the structural phase transition NMR spectra of carbon tctrabromide (319.86 K), 
DABCO (351.08 K), rubidium nitrate (437 K) and lithium sodium sulfate (791 K). 
Temperature dependent 119Sn MAS NMR spectra of Pr2Sii207 and Sm2Sn207 
were then recorded. The temperature dependence of these spectra is caused by 
the hyperfine interaction between the paramagnetic electron spin and the 1 1 9Sn 
nucleus. Pr2Sn207 proved to be an extremely sensitive linear high-temperature 
shift thermometer: its sensitivity is 14.1 ppm/K at room temperature, and 2.7 
ppm/K at 790 K. Sm2Sn207 also proved to be very sensitive to temperature: at 
room temperature its sensitivity is 1.1 ppm/K, although it is not linear at higher 
temperatures. 
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7.1 Introduction 
In the last decade, variable temperature magic angle spinning (VT MAS) NMR 
spectroscopy has become a valuable tool in the study of structure, dynamics 
and reactivity in the solid state [1, 2, 3]. Because many physical properties are 
temperature-dependent, the knowledge of the accurate temperature is important. 
Nevertheless, in VT MAS NMR this is not a trivial measurement. A temperature 
offset between sample and gas inlet can be caused by several sources, which have 
been discussed extensively by Haw et al. [4]. These offsets, if not corrected for, 
can lead to calibration errors. The most important cause of a temperature offset 
for the probehead used in these experiments is the distance between sample region 
and temperature sensor. The temperature offset depends on the pressure of the 
bearing gas. 
The calibration error of the probe can be overcome by investigating a number of 
sharply defined (first-order) structural phase transitions or by using a shift ther-
mometer. While using phase transitions provides discrete temperatures, a shift 
thermometer allows temperatures to be determined over a large range. In para-
magnetic solids, the NMR shift depends on the temperature, and can therefore 
be used as a shift thermometer for probe calibration or as an internal tempera-
ture reference. Several shift thermometers are known for the temperature range 
below room temperature. Samarium acetate tetrahydrate [2] and the lanthanide 
stannates Nd2Sn207, Sm2Sn2Ü7 and Yi.gSmo^S^C^ [5] have been shown to be 
useful for temperature calibration in this range. The few shift thermometers 
for use above room temperature do not reach high temperatures, mainly due to 
thermal instability. Samarium acetate tetrahydrate introduced by Campbell [2] 
is effective up to 333 К, (УО)2Рг07 has been measured up to 360 К [6], and 
the highest temperature yet reached by a shift thermometer, i.e. TTAA (tetra-
methyldibenzotetraaza(14)annulene), is 405 К [7]. It would therefore be a useful 
contribution to the field of VT MAS NMR to find shift thermometers that are 
suitable for use above 400 K. 
The U 9Sn MAS NMR spectra of the paramagnetic lanthanide stannates Ln2Sn207 
(Ln = Pr, Nd, Sm, Eu, Tm and Yb) show a wide range of 119Sn shifts [8, 9], and 
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the shifts of Nd2Sn207, Sn^Sn^Or and Yi.gSmo^S^Oy have been shown to be 
extremely sensitive to temperature [5]. 1 1 9 Sn is convenient since it is a spin 5 
nucleus with a natural abundance of 8.58 percent and its resonance frequency is 
readily accessible to most NMR probes. Moreover, the lanthanide stannates are 
thermally stable, being synthesized at temperatures around 1600 K. As a result 
these solids appear to be promising as high-temperature shift thermometers. 
This chapter describes a variable temperature MAS NMR study of P ^ S ^ O y 
and Sni2Sn207. Both stannates adopt the ideal pyrochlore structure АгВгОбО', 
where the central tin atom is surrounded by six equally spaced lanthanide atoms 
in the second coordination sphere. Because of the hyperfine interaction, the 
1 1 9 Sn Ti relaxation time is of the order of a few milliseconds. Their MAS spectra 
are broadened by the short relaxation times, and the dipolar broadening due 
to dipolar coupling to the unpaired electron spin density associated with the 
rare-earth ions, results in many spinning sidebands. 
Before commencing the 1 1 9 Sn studies, the probe had to be calibrated for variable-
temperature work. Since a suitable high-temperature shift thermometer was not 
available, structural phase transitions had to be used to calibrate the probe. 
7.2 Theory 
The temperature dependence of the U 9 S n MAS NMR spectra of the lanthanide 
stannates results from the interaction between the nuclear spin of the tin atom 
and the magnetic moment of the unpaired lanthanide electrons. There are two 
contributing interactions: the Fermi-contact (hyperfine) and the pseudo-contact 
interaction. The former consists of a transfer of the unpaired f electron spin 
density of the lanthanide ions to the s orbital on the resonant nucleus. This is 
the major contribution to the 1 1 9 Sn shift. The latter is a dipolar interaction of 
the unpaired f electrons with the observed nuclear spin [10]. 
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Van Vleck [11] has derived an expression for the magnetic susceptibility. 
Σ [(Wf >7кТ) - 2Wf >] (2J + \)e-w"'kT 
X = N
~ Y,{2J+l)e~wVkT ( 7 Л ) 
j 
Here χ is the magnetic susceptibility, N the number of atoms, Wj the energy 
for level J, W^ the first-order Zeeman (F.O.Z.) perturbation on Щ, wf] the 
second-order Zeeman (S.Ο.Ζ.) perturbation, and (2J + 1) the degeneracy of each 
level. J represents the total angular momentum. An average magnetic suscep­
tibility is calculated over all weighed J-manifolds. It includes a term for the 
temperature-dependent ground state paramagnetism (Wj /fcT), and also the 
temperature-independent paramagnetic contribution (T.I.P.) from the first ex­
cited state (W¡2)). 
There are three general simplifications for the Van Vleck equation [11, 12]: 
1. One energy level of (2 J + \)-}old degeneracy (J > 0): 
In this case Wj = 0, and Wj Ξ 0 for the η levels. Therefore all other 
terms in the Van Vleck equation except the F.O.Z. term disappear: 
This equation corresponds to the empirical Curie Law, χ = С/T. For all 
trivalent lanthanide ions (except Sm 3 + and E u 3 + ) , the first excited state 
lies much higher than the ground state, so only the lowest level is occupied 
at room temperature and this simplification is valid. Hence, P ^ S ^ O y is 
expected to obey the Curie Law around room temperature. 
2. Singlet ground state and at least one degenerate excited state at ~S> kT above 
the ground state: 
This is valid for E u 3 + at low temperatures. Here, the singlet ground state 
has J = 0, so the F.O.Z. term vanishes and the Van Vleck equation becomes 
temperature independent: 
χ = ^ Σ [ - 2 ^ ) 2 ) ] (7.3) 
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3. Degenerate ground state and at least one degenerate excited state comparable 
to kT above the ground state: 
Both the F.O.Z. and the S.O.Z. term have to be applied, and no simpli-
fications are possible. This is the case for Sni2Sn2C>7 which has a sixfold 
degenerated ground state, and a first excited state for the free ion, at 993 
Using the Van Vleck equation, Jones [13] has calculated an expression for the 
time-averaged spin value (52(T)) for Sm3+ to a first approximation 
120 1144 , 120 ¿O ¿U ι l i f t ι 1¿U I ¿O 
(SZ{T)) _ ГкТ 7E7/2 ~*~ [l89fcT Τ 7£ 7 / 2 2Г(Е9/2-Е7/2) 
£ — Е7/2ІЬТ _|_ . . . 
(7.4) 
μ
Β
Β 6 + 8 е - Е 2/*г
 + . . . 
making use of the linear relation between the expectation value (Sz) and the 
magnetic susceptibility [14]: 
(S*)
 =
 ( g J - l ) x , . 
В NgjßB У - ; 
In these equations, μα is the Bohr magneton, В the applied magnetic field, and 
gj the Lande g factor. 
The relation between (5 2(T)) and the shift of the nuclear spin is given by [13]: 
T(SZ(T)) 
δ(Τ) = δ0 1 (7.6) 2μ
Β
Β 
where δ(Τ) is the temperature dependent shift, δο the diamagnetic shift, and 
Γ the s-f exchange energy. Γ can be seen as a measure of the Fermi-contact 
interaction. 
7.3 Experimental 
Solid-state MAS NMR spectra were collected using a Bruker CXP-300 spectro­
meter and a Doty wide bore high-temperature MAS NMR probe with single 
bearing nitrogen gas supply. Sample containers and screwcaps were made of 
zirconium with boron nitride inserts. According to the manufacturer, the heat 
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Figure 71 1 3 С MAS NMR spectra of carbon tetrabromide at a bearing pressure of 3 5 bar 
at different temperatures near the structural phase transition temperature at 319 86 К The 
temperatures that are indicated at the right are temperatures as indicated by the temperature 
controller 
controller operates at an accuracy of 1 К However, repeated measurements of 
first-order phase transitions showed that the accuracy of the temperature con­
troller was better than specified 
For calibrating the probe for changes in temperature and bearing pressure, four 
structural phase transitions were measured, at bearing pressures of 2 0, 2 5, 3 0 
and 3 5 bar The transitions of the plastic crystals carbon tetrabromide from mon-
ochnic to FCC at 319 86 К [15], and l,4-diazabicyclo-[2,2,2]-octane (DABCO), 
from hexagonal to FCC at 351 08 К [16], were measured via 1 3C using MAS 
NMR at 75 432 MHz Recycle times of 5 s were used for both experiments 100 
Scans proved to be sufficient for carbon tetrabromide, whereas DABCO needed 
128 scans 8 7Rb spectra of rubidium nitrate, a plastic crystal with a transition 
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Figure 7 2 8 7 ñb MAS NMR spectra of rubidium nitrate at a bearing pressure of 3 5 bar at 
different temperatures near the structural phase transition temperature at 437 К The temper­
atures as displayed by the heat controller are indicated next to the spectra The temperature 
as indicated by the controller at which the phase transition occurs ¡s estimated to occur at 
446 7 К 
from trigonal to BCC at 437 К [17], were recorded at 98 163 MHz using recy­
cle times of 1 ь and 120 scans The last phase transition measured was that of 
the bupenonic conductor lithium sodium sulfate at 791 К [18] While carbon 
tetrabromide, DABCO and rubidium nitrate are commercially available, lithium 
sodium sulfate was crystallized from a stoichiometric, aqueous solution of sodium 
sulfate and lithium sulfate [19] 2 3Na spectra were measured at 79 353 MHz with 
recycle times of 2 s and 64 scans In packing the sample in the rotor, care had to 
be taken, since the volume of lithium sodium sulfate was known to increase by 8 
percent at the transition temperature [20] 
Unlike DABCO and lithium sodium sulfate, the use of the carbon tetrabromide 
and rubidium nitrate phase transitions for temperature calibrating purposes has 
not been previously reported Figure 7 1 shows the 1 3C MAS NMR spectra at 
a bearing pressure of 3 5 bar at different temperatures for the phase transition 
of carbon tetrabromide m the vicinity of the transition temperature Because of 
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molecular reorientations, the two peaks in the low temperature phase disappear, 
while a third peak in the plastic crystalline phase emerges [21]. Figure 7.2 shows 
the 87Rb MAS NMR spectra of the phase transition of rubidium nitrate at 3.5 
bar. A broad anisotropic peak dominates the spectrum of the low temperature 
phase, while the resonance of the high-temperature phase is nearly isotropic. The 
phase transitions for carbon tetrabromide and rubidium nitrate occur within a 
1 degree temperature range, which indicates that the temperature gradients in 
the sample are small. The temperature differences between the temperature as 
indicated by the heat-controller and the actual sample temperature, measured 
with the phase transitions, as a function of the bearing pressure were used to 
construct a calibration curve. The actual sample temperature in the n9Sn NMR 
experiments was obtained using this calibration curve. 
U9Sn MAS NMR spectra of Pr2Sn207 and Sm2Sn207 were measured at 111.817 
MHz using recycle times of 50 ms, and respectively 40000 and 4000 scans were 
taken. Shifts are quoted relative to Sn02, which resonates at -604.3 ppm relative 
to SnME4 [22]. To determine the isotropic shift both lanthanide stannates were 
measured at bearing pressures of 2.5 and 3.5 bar, corresponding to spinning 
speeds of 2.2 and 3.0 ± 0 . 1 kHz, respectively. At each bearing pressure, 20 
different temperatures were used, and after temperature increment we waited 
5 minutes which proved to be sufficient to ensure that the temperature of the 
sample had stabilized. The tuning and matching of the probe was optimized for 
each temperature. 
7.4 Results 
7.4.1 119Sn MAS NMR Spectra of Pr 2 Sn 2 0 7 
For Pr2Sn207 it was impossible to detect the isotropic resonance by means of 
comparing two spectra at different spinning speeds for one temperature setpoint. 
Since Pr2Sn207 is extremely sensitive to temperature, a slight change in spinning 
speed not only changes the position of the spinning sidebands, but the shift of 
the isotropic resonance as well. Pr2Sn207 magnitude spectra were integrated to 
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Figure 7.3. 1 1 9 Sn MAS NMR power spectra ofPr2Snz O7 at actual (=corrected) temperatures 
of 566 3 K, 598 4 K, and 638 2 К Asterisks denote the isotropic resonances 
determine the isotropic resonance. The isotropic resonance then corresponds to 
the peak at which the integral was 50 % of the total integrated intensity. An 
absolute error of 30 ppm was assumed, which corresponds to plus or minus one 
spinning sideband The P^S^Oy spectra obtained using the lower bearing pres­
sure contained too many spinning sidebands to denote the isotropic resonance, 
and so these results were omitted. Figure 7.3 shows typical 119Sn MAS NMR 
power spectra of P^S^Oy at three different temperatures. Power spectra are 
taken since phasing these spectra proved to be difficult. As the temperature in­
creases, the lines move upfield. In figure 7 4, a plot of the shift of the isotropic 
resonance versus 1/T is presented. A least-squares fit to the experimental data 
gives 
S{T) = 119 - 1.1312 χ IQ6/T (7 7) 
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Figure 7 4 Temperature dependence of the isotropic resonance in the 1 1 9 Sn spectra of 
P^SÜÍOT, at a bearing pressure of 3 5 bar Due to the /arge spinning side band manifold 
the results obtained at bearing pressures of 2 5 bar are omitted The error bars represent an 
abioJute error of 30 ppm 
with a correlation coefficient of 0 9999 for the 20 datapoints Absolute errors for 
the constants are 9 ppm and 4 χ IO3 ppm respectively 
7.4.2 1 1 9 S n M A S N M R S p e c t r a of S m 2 S n 2 0 7 
In figure 7 δ U 9Sn MAS NMR spectra of Sm2Sn207 are shown at three different 
temperatures Figure 7 6 shows the temperature dependence of the isotropic 
resonance This figure combines the actual, corrected values of the temperature 
at both bearing pressures As the temperature increases in the low temperature 
range, the isotropic resonances shifts upfield, but at the higher temperature range 
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Figure 7 5: 1 1 9 Sn MAS NMR spectra of Sra2Sn207 at actual temperatures of'404 9 K, 598 8 K, 
and 787 4 К Asterisks denote the isotropic resonances At low temperatures the shift moves 
upfield, whereas it moves downfìeld at higher temperatures 
it shifts downfìeld. The cross-over temperature (i.e. ^ = 0) is at 600 К At this 
cross-over temperature, the F Ο Ζ. and S Ο Ζ terms cancel each other because 
they have opposite signs: the electron spins are aligned parallel to the applied 
held in the ground state (J = 5/2), and anti-parallel m the first excited state 
(J = 7/2) [23] 
Fitting the experimental data to Jones' equation 7 4 results in the following 
parameters (with their absolute errors) 
E5/2 = 0 cm 1 
E-i/2 = 930 ± 1 cm'1 
δ0 = -105 1 ± 0 5 ppm 
Γ = -0.2775 ± 0.0005 eV 
Including the Бз^ crystal field splitting [24] in the fitting model was not successful. 
Substituting the above parameters into equation 7 6 gives 
δ(Τ) = -105 1 -
6 + 8е- Ш 8 / т 
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Figure 7.6: Temperature dependence of the isotropic resonance in the U 9 S n spectra of 
Sra 2Sn 207. The corrected actual values for the temperature at bearing pressures of 2.5 and 3.5 
bar are shown. The cross-over temperature is estimated to occur at a temperature of about 
600 K. 
6.0437 · 105 
-2168.6 + 10.243 · 10
5 
2168.6 e- 1 3 3 8/ r (7.8) 
7.5 Discussion 
The isotropic shift of Pr2Sn207 has a Curie Law dependence. Its sensitivity as 
a shift thermometer is 14.1 ppm/K at room temperature, and 2.7 ppm/K at 
790 K. Pr2Sn207 has the advantage of being a linear shift thermometer. The 
large dipolar broadening and the large linewidth are drawbacks for Pr2Sn207 as 
a high temperature shift thermometer. Nevertheless, this can be overcome by 
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measuring at lower magnetic fields and/or using higher spinning speeds In this 
case, the ratio of the spinning speed to the dipolar broadening will be higher and 
thus there will be a better separation of the isotropic resonance from the spinning 
sidebands 
The isotropic shift of Sn^S^Cv does not have a simple Curie Law dependence 
on the temperature Therefore, the full Van Vleck equation is needed to explain 
the temperature dependence The sensitivity at room temperature is 1 1 ppm/K 
For temperatures below room temperature the equation for the 119Sn shift as a 
function of temperature for Sn^Si^CH according to Grey et al [5] is m good 
agreement with the results found in this article Near the cross-over temperature 
the shift thermometer becomes inaccurate Sn^Sn^C^ has the advantage of hav­
ing a small anisotropy and linewidth When the temperatures are not close to the 
cross-over temperature at 600 K, Sn^S^Oy is very useful as a high-temperature 
shift thermometer 
The value of 930 cm - 1, found for £7/2, differs from the free Sm3+ value of 993 
cm
- 1
 This difference can be attributed to the fact that Sm3+ is in a crystal 
lattice, where the crystal field splitting brings the £5/2 and the £7/2 levels closer 
together The s-f exchange energy for lanthanide ions is usually negative in sign 
The value of Γ found for Sn^S^Cv (-0 28 eV) is comparable to the values found 
for several samanum(III) compounds (1 e SmP -0 35 eV, SmAs -0 28 eV and 
SmSb -0 22 eV) [13] 
7.6 Conclusions 
In order to calibrate the probe for temperature and bearing pressure, the NMR 
spectra of DABCO and lithium sodium sulfate through their structural phase 
transition were measured The structural phase transitions of two new probe 
calibrants, carbon tetrabromide and rubidium nitrate, were also studied and they 
proved to be suitable materials to use for probe temperature calibration 
The 119Sn MAS NMR spectra of the paramagnetic solids Pr2Sn207 and Sm2Sn207 
are useful as a shift thermometer at high temperatures P^SnjOy proves to 
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be extremely sensitive for calibration at high temperatures or as an internal 
temperature reference, from 310 to 790 K. It is a linear shift thermometer obeying 
the Curie Law, and its sensitivity is 14.1 ppm/K at room temperature, and 2.7 
ppm/K at 790 K. P ^ S ^ C v will be especially useful when calibrating probes at 
low magnetic fields and/or applying high spinning speeds. 
S1112S112O7 appears to be very sensitive as a shift thermometer: at room tempe­
rature the sensitivity is 1.1 ppm/K. Around 600 К the 1 1 9 Sn MAS NMR spectra 
show a cross-over point, caused by cancelling of the F.O.Z. and S.O.Z. terms. 
In this range the thermometer accuracy is too low. Except for the temperature 
range at about 600 K, Sm2Sn207 is also very useful for probe calibration and as 
an internal temperature reference from 310 to 790 K. 
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Samenvatting 
In dit proefschrift wordt de theorie en de toepassing van een aantal nieuwe vaste 
stof Nuclear Magnetic Resonance (NMR), ook wel kern spin resonantie, dubbel 
resonantie experimenten beschreven. In hoofdstuk 2 wordt de theorie van de 
dubbel resonantie experimenten aan de hand van het dichtheide operator forma-
lisme besproken. Alvorens de dubbel resonantie experimenten worden beschreven 
wordt eerst de spin echo besproken aan de hand waarvan het gebruik van het 
dichtheids operator formalisme wordt geïntroduceerd. Daarna volgt een beschrij-
ving van, achtereenvolgens, het spin echo dubbel resonantie (SEDOR) experi-
ment, het rotatie echo dubbel resonantie experiment (REDOR), het overgedra-
gen echo dubbel resonantie experiment (TEDOR) en het 2-dimensionale (2D) 
TEDOR experiment. In al deze experimenten wordt de invloed van de mag-
netische dipool-dipool koppeling tussen verschillende atoomkernen geobserveerd. 
Omdat de dipool-dipool koppeling afhankelijk is van de afstand tussen de atoom-
kernen zijn deze experimenten uitermate geschikt om afstanden te meten en om 
te zien of atoomkernen zich in eikaars buurt bevinden of niet. In het SEDOR en 
het REDOR experiment wordt het effect van de dipool-dipool koppeling zichtbaar 
door een verlies aan signaal intensiteit. In het TEDOR experiment wordt juist 
gekeken naar de hoeveelheid overgedragen signaal. Ter illustratie van het TEDOR 
experiment is dit uitgevoerd op 15N verrijkt glycine waarin magnetisatie van stik-
stof naar koolstof wordt overgedragen. In het 2D-TEDOR experiment wordt de 
signaal overdracht gebruikt om een 2-dimensionaal heteronucleair correlatie NMR 
spectrum te verkrijgen. In dit experiment worden verschillende resonanties aan 
elkaar gecorreleerd via de dipolaire koppeling en is de signaal intensiteit van 
de kruispieken afhankelijk van de afstand tussen de verschillende kernen. 2D-
TEDOR experimenten zijn uitgevoerd op 15N en op 15N,13CH2 verrijkt glycine 
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wat resulteerde in een koolstof-stikstof correlatie spectrum. Hoofdstuk 3 gaat over 
het door ons ontwikkelde 3D-TEDOR experiment. In dit experiment wordt in 
twee dimensies de chemische verschuiving van verschillende kernen weergegeven 
en in de derde dimensie de dipolaire koppeling tussen deze kernen. Met behulp 
van dit experiment kan men de dipolaire koppeling tussen de twee kernen die een 
kruispiek vormen direct aflezen en hiermee dus de afstand tussen de atoomkernen 
bepalen. Het 3D-TEDOR experiment, toegepast op 15N,13CH2 verrijkt glycine, 
demonstreert de haalbaarheid van dit experiment. 
De volgende drie hoofdstukken gaan over praktische toepassingen van de dubbel-
resonantie experimenten die beschreven zijn in hoofdstuk 2. In hoofdstuk 4 
wordt beschreven hoe de gemiddelde fosfor-aluminium afstand in de alumino-
fosfaat moleculaire zeven A1PO-5 en SAPO-11 is bepaald met behulp van hot 
SEDOR experiment. Deze toepassing van het SEDOR experiment laat zien dat 
de afstand die op deze manier is bepaald goed overeenkomt met de afstand zoals 
die gevonden is met Röntgen diffractie. Om de fosforresonanties in het spectrum 
van de aluminofosfaat moleculaire zeef VPI-5 toe te kennen aan de bijbehorende 
unieke kristallografische posities is het 2D-TEDOR experiment gebruikt. Dit 
staat beschreven in hoofdstuk 5. Uitgaande van de toekenning van het 27A1 spec-
trum, kunnen de fosforresonanties toegekend worden en is tegelijk gedemonstreerd 
dat het 2D-TEDOR experiment ook met succes op anorganische materialen is toe 
te passen. Hoofdstuk 6 gaat over de toepassing van aluminium fosfor dubbel re-
sonantie experimenten op met fosfor geïmpregneerde 7-AI2O3. J1P-27A1 dubbel 
resonantie experimenten laten zien dat alle fosfor zich in de directe omgeving 
van aluminium bevindt. Het spectrum van die aluminium atomen die in contact 
staan met fosfor kon worden gemeten met behulp van 27A1-J1P REDOR experi-
menten. Deze experimenten hebben laten zien dat er op het 7-AI2O3 oppervlak 
een laagje amorf AIPO4 wordt gevormd. Hoofdstuk 7 gaat, in tegenstelling tot de 
voorgaande hoofdstukken, niet over dubbel resonantie experimenten maar over 
hoge temperatuur NMR experimenten aan Sm2Sn207 en Pr2Sn207. De UC)Sn 
spectra van deze stoffen vertonen een temperatuur afhankelijk gedrag en blijken 
geschikt als hoge temperatuur shift-thermometers waarmee de temperatuur ter 
plekke van het monster nauwkeurig kan worden bepaald. 
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